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ASTRONOMy 


PREFACE  TO  FIRST  EDITION. 


The  present  work  is  designed  as  a  text-book  of  Astronomy 
suited  to  the  general  course  in  our  colleges  and  schools  of 
science,  and  is  meant  to  supply  that  amount  of  information 
upon  the  subject  which  may  fairly  be  expected  of  every 
"  liberally  educated "  person.  While  it  assumes  the  previ- 
ous discipline  and  mental  maturity  usuaEy  corresponding  to 
the  latter  years  of  the  college  course,  it  does  not  demand  the 
peculiar  mathematical  training  and  aptitude  necessary  aa  the 
basis  of  a  special  course  in  the  science  — -  only  the  moat  ele- 
mentary knowledge  of  Algebra,  Geometry,  and  Trigonometry 
is  required  for  its  reading.  Its  aim  is  to  give  a  clear,  accu- 
rate, and  justly  proportioned  presentation  of  astronomical 
facte,  principles,  and  methods  in  such  a  form  that  they  can 
be  easily  apprehended  by  the  average  college  student  with  a 
reasonable  amount  of  effort. 

The  limitations  of  time  are  such  in  our  college  course  that 
probably  it  wiU  not  be  possible  in  most  oases  for  a  class  to 
take  thoroughly  everything  in  the  book.  The  fine  print  is  to 
be  regarded  rather  as  collateral  reading,  important  to  a  com- 
plete view  of  the  subject,  but  not  essential  to  the  course. 
Some  of  the  chapters  can  even  be  omitted  in  cases  where  it 
is  found  necessary  to  abridge  the  course  as  much  as  possible ; 
e.g,y  the  chapters  on  Instruments  and  on  Perturbations. 

While  the  work  is  no  mei-e  compilation,  it  makes  no  claims 
to  special  originality :  information  and  help  have  been  drawn 
from  all  available  sources.  The  author  is  under  great  obliga- 
tiona  to  the  astronomical  histories  of  Grant  and  Wolf,  and 
especially  to  Miss  Gierke's  admirable  "  History  of  Astronomy 
in  the  Nineteenth  Century."  Many  data  also  have  been  drawn 
from  Honzeau's  valuable  "  Yade  Mecum  de  TAetronome." 


701083  D„»..«Googlc 


It  has  been  inteoded  to  bring  the  book  well  down  to  date, 
and  to  indicate  to  the  student  the  sources  of  information  on 
subjects  which  are  necessarily  here  treated  inadequately  on 
account  of  the  limitations  of  time  and  space. 

Special  acknowle<%ment8  are  due  to  Professor  Langley  and 
to  his  publishers,  Messrs.  Ticknor  &  Co.,  for  the  use  of  a 
number  of  illustrations  from  his  beautiful  book,  "The  New 
Astronomy";  and  also  to  D.  Appleton  &  Co.  for  the  use  of 
several  cuts  from  the  author's  little  book  on  the  Sun.  Pro- 
fessor Trowbridge  of  Cambridge  kindly  provided  the  original 
negative  from  which  was  made  the  cut  illustrating  the  com- 
parison of  the  spectrum  of  iron  with  that  of  the  sun.  Warner 
&  Swasey  of  Cleveland  and  Fauth  &  Co.  of  Washington  have 
also  furnished  the  engravings  of  a  number  of  astronomical 
instruments. 

Professors  Todd,  Emerson,  Upton,  and  McNeill  have  given 
most  valuable  assistance  and  suggestions  in  the  revision  of  the 
proof;  as  indeed,  in  hardly  a  less  degree,  have  several  others. 

Frihcbioh,  N.  J.,  August,  1886. 


PREFACE  TO  THE  REVISED  EDITION. 


The  progress  of  Astronomy  has  been  very  rapid  since  the 
first  publication  of  this  book  in  1889,  and,  although  in  the 
meantime  the  author  has  attempted  as  far  as  possible  to  keep 
the  successive  issues  "  up  to  date  "  by  minor  changes,  notes, 
and  '^  addenda,"  it  has  at  last  become  imperative  to  give 
the  work  a  thorough  revision,  rewriting  certain  portions  and 
making  considerable  additions,  in  order  to  embody  the  new 
and  important  results  which  have  been  obtained  during  the 
last  ten  years. 

The  Appendix  has  also  been  enlarged  by  several  articles 
giving  the  demonstration  of  eertaii  fundamental  methods  and 
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formulffl  for  whicli,  in  previous  editions,  the  student  was 
teferred  to  other  works  not  always  conveniently  accessible. 
In  one  or  two  of  these  articles  the  Calculus  is  necessarily 
used. 

The  varions  tables  have  been  corrected  to  correspond  with 
the  latest  and  most  authoritative  data ;  and  a  set  of  illustr&tive 
exercises  has  been  added  at  the  end  of  nearly  every  chapter. 

While  the  book  has  thus  been  necessarily  somewhat  increased 
in  size,  the  changes  have  been  so  manned  that  no  serious  diffi- 
culty will  be  encountered  in  using  the  new  edition  along  with 
the  older  issues.  The  original  numbering  of  the  articles  has 
been  retained  throughout,  with  only  one  or  two  exceptions, 
the  interpolated  matter  being  designated  by  numbers  with 
asterisks. 

It  is  believed  that  the  book,  so  far  as  its  scope  extends, 
may  now  be  taken  aa  fairly  representing  tiie  present  state  of 
the  science,  although  some  of  the  most  important  recent  dis- 
coveries are  hardly  made  so  prominent  as  would  have  been  the 
case  if  the  revision  had  not  been  substantially  completed  and 
prepared  for  the  press  more  than  two  years  ago;  the  actual 
printing  having  been  much  delayed  by  various  causes. 

Special  acknowledgments  ai-e  due  from  the  author  to  the 
publishers  for  the  liberality  with  which  they  have  made  the 
extensive  and  expensive  changes  in  the  plates,  and  to  Apple* 
ton  &  Co.,  and  Professors  Frost,  Hale,  Holden,  and  Pickering 
for  many  of  the  new  illustrations. 

Pkikcezoh  UNivBSBiir,  Mafcb,  1B98. 


PREFACE  TO   ISSUE   OF   1904. 

In  this  issue  of  the  Revised  Edition  a  considerable  number 
of  corrections,  changes,  and  additions  have  been  made  in  the 
text,  and  three  Addenda  have  been  appended,  in  order  to  bring 
the  book  up  to  date  aa  far  as  possible. 

AnsDiT,  1901. 
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INTSODTTCTION. 


1.  AmtONOVT  (Sarpoy  vc/uk)  is  the  science  wbich  treats  of  the 
heavenly  bodies.  As  such  bodies  we  reckon  the  suu  aud  moon,  the 
planets  (of  which  the  earth  is  one)  and  their  satellites,  comets  and 
meteors,  and  Anally  the  stars  and  nebulee. 

We  have  to  consider  in  Astronomy  ;  — 

(a)  The  motions  of  these  bodies,  botli  real  and  apparent,  and  the 
laws  which  govern  these  motions. 

(&)  Their  forms,  dimensions,  and  maaaes. 

(c)  Their  nature,  constitution,  and  conditions. 

(d)  The  effects  tbey  produce  upon  each  other  by  their  attractions, 
radiations,  or  by  any  other  ascertainable  influence. 

It  was  an  early,  and  has  been  a  most  persistent,  belief  Oiat  the 
heavenly  bodies  have  a  powerful  influeuce  upon  human  affairs,  so 
that  from  a  knowledge  of  their  positions  and  "  aspects"  at  critical 
momenta  (as  for  instance  at  the  time  of  a  person's  birth)  one  could 
draw  up  a  "horoscope"  wliich  would  indicate  the  probable  future. 

The  pseuda-sdence  which  was  founded  on  this  belief  was  named 
Astrolt^y, — the  elder  sister  of  Alchemy,  —  and  for  centuries  As- 
tronomy was  its  handmaid;  i.e.,  astronomical  otisci'^'ations  and  cal- 
culations were  made  mainly  in  order  to  supply  astrological  data. 

At  present  the  end  and  object  of  astronomical  study  is  chiefly 
knowledge  pure  and  simple ;  so  far  as  now  appears,  its  development 
has  less  direct  bearing  npc^Q  the  material  interests  of  mankind  than 
that  of  any  other  of  the  natural  sciences.  It  is  not  likely  that  great 
inventions  and  new  arts  will  grow  out  of  its  laws  and  principles,  such 
as  are  continually  arising  from  physical,  chemical,  and  biological 
diacoveries,  thongh  of  course  it  would  be  rash  to  say  that  such  out' 
growths  ore  impossible.  But  the  student  of  Astronomy-  must  expect 
his  chief  profit  to  be  intellectual,  in  the  widening  of  the  range  of 
thought  and  conception,  in  the  pleasure  attending  the  discovery  of 
umple  law  working  out  the  most  complicated  results,  in  the  delight 
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over  the  beauty  aod  order  revealed  by  the  telesoope  in  systems  other- 
wise invisible,  in  the  rect^aition  of  the  essential  anity  of  the  material 
universe,  and  of  the  Icinship  between  Ms  own  mind  and  the  infinite 
Beason  that  formed  all  things  and  is  imuanent  in  them. 

At  the  same  time  it  should  be  said  at  once  that,  even  from  the 
lowest  point  of  view,  Astronomy  is  far  from  a  useless  sdeuce.  The 
art  of  navigation  depends  for  its  very  possibility  upon  astronomical 
prediction.  Take  away  from  mankind  their  almanacs,  sestants,  and 
chronometers,  and  commerce  by  sea  would  practically  stop.  The 
science  also  has  Imixirtant  applications  in  the  survey  of  extended 
regions  of  country,  and  the  establishment  of  boundaries,  to  say 
nothing  of  the  accurate  determination  of  time  and  the  arraogement 
of  the  calendar. 

It  need  hardly  be  said  that  Astronomy  is  not  separated  from  kin* 
dred  sciences  by  sharp  boundaries.  It  would  be  impossible,  for  in- 
stance, to  draw  a  line  between  Astronomy  on  one  side  and  Geology 
and  Physical  Geography  on  the  other.  Many  problems  relating  to 
the  formation  and  constitution  of  the  earth  belong  alike  to  all  three. 

2.  Astronomy  is  divided  into  many  branches,  some  of  which,  as 
ordinarily  recc^uized,  are  the  following!  — 

1.  SescriptiTe  Astronomy. —  This,  as  its  name  implies,  is  merely 
an  orderly  statement  of  astronomical  facts  and  principles. 

2.  Fraatical  Aatronomy. — This  is  quite  as  much  an  art  as  a 
science,  and  treats  of  the  instruments,  the  methods  of  observation, 
and  the  processes  of  calculation  by  which  astronomical  facts  are 
ascertained. 

3.  Tlieoretisal  Astronomy,  which  treats  of  the  calculations  of  orbits 
and  ephemerides,  including  the  effects  of  so-called  "  perturbations." 

4.  Heohauical  Astronomy,  which  is  simply  the  application  of  me- 
chanical principles  to  explain  astronomical  facts  (chiefly  the  planetary 
and  lunar  motioos) .  It  is  sometimes  called  Oramtational  Astronomy, 
because,  with  few  exceptions,  gravitation  is  the  only  force  sensibly 
concerned  in  the  motions  of  the  heavenly  bodies.  Until  within  thirty 
years  this  branch  of  the  science  was  generally  designated  as  /^^st'col 
Astronomy,  but  the  term  is  now  objectionable  because  of  lat«  it  has 
been  used  by  many  writers  to  denote  a  very  difFerent  and  compara- 
tively new  branch  of  the  science  ;  viz.,  — 
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5.  AstronomioU  Fbyiioi,  or  Astro-pbyiios.  —  This  treats  of  the 
physical  chariusteriBtica  of  the  heavenly  bodies,  their  brightness  and 
spectroBCopic  peculiarities,  their  temperature  and  radiation,  the 
nature  and  condition  of  their  atmospheres  and  surfaces,  and  all 
phenomena  which  indicate  or  depend  on  their  physical  condition. 

6.  SpIi«rioal  Astnnomy.  —  This,  discarding  all  consideration  of 
absolute  dimensions  and  distances,  treats  the  heavenly  bodies 
simply  as  objects  moving  on  the  "  surface  of  the  celestial  sphere  " : 
it  has  to  do  only  vith  angles  and  directions,  and,  strictly  regarded, 
is  in  fact  merely  Spherical  Trigonometry  applied  to  Astronomy. 

3.  The  above-named  branches  are  not  distinct  and  separate,  but 
they  overlap  in  all  directions.  Spherical  Astronomy,  for  instance, 
finds  the  demonstration  of  many  of  its  formulse  in  Gravitational 
Astronomy,  and  their  application  appears  in  Theoretical  and  Prac- 
tical Astronomy.  But  Taluable  works  exist  bearing  all  the  differ- 
ent titles  indicated  above,  and  it  is  important  for  the  student  to 
know  what  subjects  he  may  expect  to  find  discussed  in  each ;  for 
this  reason  it  has  seemed  worth  while  to  name  and  define  the 
several  branches,  although  they  do  not  distribute  the  science  be- 
tween them  in  any  strictly  logical  and  mutually  exclusive  manner. 

In  the  present  text-book  little  regard  will  be  paid  to  these  sub- 
divisions, since  the  object  of  the  work  is  not  to  present  a  complete 
and  profound  discussion  of  the  subject  such  as  would  be  demanded 
by  a  professional  astronomer,  but  only  to  give  so  much  knowledge 
of  the  facts  and  such  an  understanding  of  the  principles  of  the 
science  as  may  fairly  claim  to  be  elements  in  a  liberal  education. 
If  this  result  is  gained  in  the  reader's  case,  it  may  easily  happen 
that  he  will  wish  for  more  than  be  can  find  in  these  pi^es,  and 
then  he  must  have  recourse  to  works  of  a  higher  order  and  far 
more  difficult,  dealing  with  the  subject  more  in  detail  and  more 
thoroughly. 

To  master  the  present  book  no  further  preparation  is  necessary 
than  a  very  elementary  knowledge  of  Algebra,  Geometry,  and 
Trigonometry,  and  a  similar  acquaintance  with  Mechanics  and 
Physios,  especially  Optics.  While  nothing  short  of  high  mathe- 
matical attainments  will  enable  one  to  become  eminent  in  the  sci- 
ence, yet  a  perfect  comprehension  of  all  its  fundamental  methods 
and  principles,  and  a  very  satisfactory  acquaintance  with  its  main 
results,  is  quite  within  the  reach  of  every  person  of  ordinary  intel- 
ligence, without  any  more  extensive  training  than  may  be  had  in 
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our  common  schools.  At  the  same  time  the  necessary  statements 
and  demonstrations  are  so  much  facilitated  by  the  use  of  trigono- 
metrical terms  and  processes  that  it  would  be  unwise  to  dispense 
with  them  entirely  in  a  work  to  be  used  by  pupils  who  have  already 
become  acquainted  with  them. 

In  discussing  the  different  subjects  which  present  themselves, 
the  writer  will  adopt  whatever  plan  appears  best  fitted  to  convey 
to  the  student  clear  and  definite  ideas,  and  to  impress  them  upon 
the  mind.  Usually  it  will  be  best  to  proceed  in  the  Euclidean 
order,  by  first  stating  the  fact  or  principle  in  questiouj  and  then 
explaining  its  demonstration.  But  in  some  cases  the  inverse  pro- 
cess is  preferable,  and  the  conclusion  to  be  reached  will  appear 
gradually  unfolding  itself  as  the  result  of  the  observations  upon 
which  it  depends,  just  as  its  discovery  came  about. 


The  occasional  references  to  "  Physics  "  refer  to  the  "  Elementary 
Text-Book  of  Physics,"  by  Anthony  and  Brackett ;  Mice's  revised 
edition,  1897.     John  Wiley  &  Sons,  N.Y. 
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CHAPTER  I. 

THE  "DOCTRINE  OF  THE  SPHEEE,"  DEFINITIONS,  AND  GENERA 
CONSIDEEATIONS. 

AsTRONOUT,  like  all  the  other  aciencea,  has  a  terminology  of  its 
own,  and  uses  technical  terms  in  the  description  of  its  facts  and 
phenomena.  In  a  popular  essay  it  would  of  course  be  proper  to 
avoid  such  terms  as  far  as  possible,  even  at  the  expense  of  circum- 
locutions and  occasional  ambiguity ;  but  in  a  text-book  it  is  desirable 
that  the  reader  should  be  introduced  to  the  most  important  of  them 
at  the  very  outset,  and  made  sufficiently  familiar  with  them  to  use 
them  intelligently  and  accurately, 

4.  The  Celeitial  Sphere. — To  an  observer  looking  up  to  the 
heavens  at  night  it  seems  as  if  the  stars  were  glittering  points 
attached  to  the  inner  surface  of  a  dome  ;  since  we  have  no  direct  per- 
ception of  their  distance  there  is  no  reason  to  imagine  some  nearer 
than  others,  and  so  we  involuntarily  think  of  the  surface  as  spherical 
with  onrselves  in  its  centre.  Or  if  we  sometimes  feel  that  the  stars 
and  other  objects  in  the  aky  really  diSer  in  distance,  we  still  instinc- 
tively imagine  an  immense  sphere  surrounding  and  enclosing  all. 
Upon  this  sphere  we  imagine  lines  and  circles  traced,  resembling 
more  or  less  the  meridians  and  parallels  upon  the  surface  of  the  earth, 
and  by  reference  to  these  circles  we  are  able  to  describe  intelligently 
the  apparent  positions  and  motions  of  the  heavenly  bodies. 

This  celestial  sphere  may  be  regarded  in  either  of  two  different 
ways,  both  of  which  are  correct  and  lead  to  identical  results. 

(a)  We  may  imagine  it,  in  the  first  place,  as  transparent,  and  of 
merely  finite  (though  undetermined)  dimensions,  but  in  some  way 
$0  attached  to,  and  connected  with,  the  observer  that  his  eye  always 
ranaina  at  its  centre  wherever  he  goes.  Each  observer,  in  this  way 
of  viewing  it,  carries  his  own  sky  with  him,  and  is  the  centre  of  his 
own  heavens. 

(6)  Or,  in  the  second  place,  —  and  this  is  generally  the  more  con- 
venient way  of  regarding  the  matter,-—  we  may  consider  the  celestial 
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sphere  as  mathematioally  infinite  id  its  dimensions  r  then,  let  the 
observer  go  where  he  will,  he  cannot  sensibly  get  away  from  its 
centre.  Its  radius  being  "greater  than  any  assignable  quantity," 
the  size  of  continents,  the  diameter  of  the  earth,  the  distance  of  the 
BUQ,  the  orbits  of  planets  and  comets,  even  the  spaces  between  the 
stars,  are  all  insignificant,  and  the  whole  visible  univei'Se  shrinks 
relatiaeli/  to  a  mere  point  at  its  centre.  In  what  follows  we  shall 
use  this  conception  of  the  celestial  sphere.' 

The  apparent  place  of  any  celestial  body  will  then  be  the  point 
on  the  celestial  sphere  where  the  line  drawn  from  the  eye  of  the 
observer  in  the  direction  in  which  he  sees  the  object,  and  produced   - 
indefinitely,  pierces  the  sphere.     Thus,  in  Figure  1,  A,  B,  C  are 
the  apparent  places  of  a,  b,  and  e, 
the  observer  being  at  0.     The  ap- 
parent  place   of   a   heavenly  body 
evidently  depends    solely   upon    its 
direction,  and  is  wholly  independent 
of  its  distance  from  the  observer. 


6.  Lineal  and  Angular  Dimenrions. 
— Linear  dimensions  are  such  as  may 
be  expressed  in  linear  units ;  i.e.,  in 
miles,  feet,  or  inches;  in  metres  or 
miUi  metres.  Angular  dimensions 
are  expressed  in  an^^r  units ;  i.e., 
in  right  angles,  in  radians,'  or  (more  commonly  in  astronomy)  in 
degrees,  minutes,  and  seconds.     Thus,  for  instance,  the  linear  semi- 


^  To  moBt  peraons  the  sky  appears,  not  a  true  hemlqihere,  but  a  fiattenei 
vault,  as  if  the  boHzoD  were  more  remote  tban  tbe  zenitb.  This  is  a  subjective 
effect  due  mainly  to  tlie  inlervening  objecta  between  us  and  the  liorlzon.  The 
sun  and  moon  nben  rising  or  settbig  look  mach  larger  than  when  they  are 
higher  up,  for  the  same  reason. 

>  A  radian  is  the  angle  which  is  measured  by  an  arc  equal  in  length  to  radius. 
Since  a  circle  whose  radius  is  unity  has  a  circumference  of  2  r,  and  contains  360°, 


/12e6000\''   ,      ,         _!     .  ,  V 
r  (  — 2 1  ;  ie,  (approximately),  a  radian  = 


67.3°  =  3437.7'  = 


Heace,  to  reduce  to  seconds  ot  arc  an  angle  expressed  in 
radians,  we  must  multiply  it  by  the  number  206284.8;  a 
relation  ot  which  -we  shall  have  to  make  frequent  use. 
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diameter  of  the  sun  is  about  697,000  kilometres  (433,000  miles), 
vMle  its  angitlar  semidiameter  is  about  16',  or  a  little  more  than 
a  quarter  of  a  degree.  Obviously,  angular  units  alone  can  propei-lj 
be  used  in  describing  apparent  distances  and  dimensions  in  the  sky. 
For  instance,  one  cannot  say  correctly  that  the  two  stars  which  are 
known  as  "the  pointers"  are  two  or  fire  or  ten  feet  apart:  their 
distance  is  about  fire  degrees. 

It  is  sometimes  conrenient  to  speak  of  "  angular  area,"  the  nnit 
of  which  is  a  "  square  degree  "  or  a  "  square  minute  " ;  i.e.,  a  small 
square  in  the  sky  of  which  each  side  is  1°  or  1'.  Thus  we  may 
compare  the  angular  area  of  the  constellation  Orion  with  that  of 
Taurus,  in  square  degrees,  just  as  we  might  compare  Pennsylvania 
and  New  Jersey  in  square  miles. 

6.  Selation  between  the  Distanoe  and  Apparent  Size  ol  an  Object 
—  Suppose  a  globe  having  a  radius  SC  equal  to  r.     As  seen  from 


the  point  A  (Fig.  2)  its  apparent  (i.e.,  angular)  semldiameter  will 
be  BAC  or  s,  its  distance  being  AC  or  B. 

We  have  immediately  from  Trigonometry,  since  £  is  a  right  angle, 


If,  as  is  usual  in  Astronomy,  the  diameter  of  the  object  is  small 

as  compared  with  its  distance,  we  may  write  s^^,  which  gives  s 

in  radians  (not  in  degrees  or  seconds).  If  we  wish  it  in  the  ordi- 
nary angular  units, 

t"  =  67.3|^ ,  or  »'  =  3437.7-| ,  or  s"  =  206264.8^ , 

where  t'  means  s  in  degrees  ;  s',  a  in  minutes ;  s'\  t  in  seconds  of  arc 
In  either  form  of  the  equation  we  see  that  the  apparent  diameter 
varies  directly  as  the  linear  diameter,  and  inversely  as  the  distance. 
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In  the  case  of  the  moon,  S  =  about  239,000  miles  ;  and  r,  1081 
miles.  Henoe  a  =  ^min  =  ^ir  °^  ^  radian,  which  is  a  little  more 
than  ^  of  a  degree,  or  about  933". 

It  may  be  mentioned  here  aa  a  rather  curious  fact  that  most  persona  Bay 
that  the  moon  appears  about  a  foot  in  diameter;  at  least,  this  seems  to  be 
the  average  estimate.'  This  implies  that  the  surface  of  the  sky  appears  to 
them  only  about  110  feet  away,  since  that  is  the  distance  at  which  a  disc 
one  foot  in  diameter  would  have  an  angular  diameter  of  y^  of  a  radian, 

ori^ 

7.  Vaniihing  Point.  —  Any  system  of  parallel  lines  produced  in 
one  direction  will  appear  to  pierce  the  celestial  sphere  at  a  single 
point.  Tliey  actually  pierce  it  at  different  points,  separated  on  the 
surface  of  the  sphere  by  linear  distances  equal  to  the  actual  dis- 
tances between  the  lines,  but  on  the  infinitely  distant  surface  these 
linear  distances,  being  only  finite,  become  invisible,  subtending  at 
the  centre  angles  less  than  anything  assignable.  The  different 
points,  therefore,  coalesce  into  a  spot  of  apparently  infinitesimal 
size — the  so-called  "ranishing  point"  of  perspective.  Thus  the 
axis  of  the  earth  and  all  lines  parallel  to  this  asns  point  to  the 


FOmTB  AND   CIBCIiBS   OF  HBFBRZOTCB. 

8.  The  Zenith.  —  The  Zenith  is  the  point  vertically  overhead,  i.e., 
the  point  where  a  plumb-line,  produced  upwards,  would  pierce  the 
sky  :  it  is  determined  by  the  direction  of  gravity  where  the  observer 
stands. 

If  the  earth  were  exactly  spherical,  the  zenith  might  also  be  de- 
fined as  the  point  where  a  line  drawn  from  ike  centre  of  the  earth 
upward  through  the  observer  meets  the  sky.  But  since,  as  we  shall 
see  hereafter,  the  earth  is  not  an  exact  globe,  this  second  definition 
indicates  a  point  known  as  the  Geocentric  Zenith,  which  is  not  iden- 
tical with  the  True  or  Astronomical  Zenith,  determined  by  the  direc- 
tion of  gravity. 

9.  Thfl  Hadir.  —  The  Nadir  is  the  point  opposite  the  zenith  — 
under  foot,  of  course. 

Both  zenith  and  nadir  are  derived  from  the  Arabic,  which  lan- 
guage has  also  given  us  many  other  astronomical  terms. 

<  See  note  on  p.  20,  at  the  end  of  tlie  cbapter. 
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10.  Horison.  —  The  Horizon'  is  a  great  circle  of  the  celestial 
Bpheie,  having  the  zenith  and  nadir  as  its  poles :  it  is  therefore 
half-way  between  them,  and  90°  from  each. 

A  horixontal  plane,  or  the  plane  of  the  horixon,  is  a  plane  perpen- 
dioulaf  to  the  direction  of  gravity,  and  the  horizon  may  also  be 
correctly  defined  as  the  intersection  of  the  celestial  sphere  by  this 
plane. 

Many  writers  make  a  distinction  between  the  sensible  and  rational 
horizons.  The  plane  of  the  sensible  horizon  passes  through  the 
observer ;  the  plane  of  the  rational  horizon  passes  through  the  cen- 
tre of  the  earth,  parallel  to  the  plane  of  the  sensible  horizon  :  these 
two  planes,  parallel  to  each  other,  and  everywhere  about  4000  miles 
apart,  trace  out  on  die  sky  the  two  horizons,  the  sensible  and  the 
rational.  It  is  evident,  however,  that  on  the  infinitely  distant  sur- 
face of  the  celestial  sphere,  the  two  traces  sensibly  coalesce  into 
one  single  great  circle,  which  is  the  horizon  as  first  defined.  We 
get,  therefore,  but  one  horizon  circle  in  the  sky. 

11.  The  Visible  Horixon  is  the  line  where  sky  and  earth  meet. 
On  land  it  is  an  irregular  line,  broken  by  hills  and  trees,  and  of  no 
astronomical  value ;  but  at  sea  it  is  a  true  circle,  and  of  great  im- 
portance in  observation.  It  is  not,  however,  a  great  circle,  but, 
technically  speaking,  only  a  stnall  circle ;  depressed  below  the  true 
horizon  by  an  amount  depending  upon  the  observer's  elevation 
above  the  water.  This  depression  is  called  the  IHp  of  the  Horizon, 
and  will  be  discussed  further  on. 

12.  Veitioal  Circlet.  —  These  are  great  circles  passing  through 
the  zenith  and  nadir,  and  therefore  necessarily  perpendicular  to  the 
horizon  —  seci/adaries  to  it,  to  use  the  technical  term. 

Parallels  of  Altitude,  or  Almuoaotan.  —  These  are  small  circles 
parallel  to  the  horizon  :  the  term  Almucantar  is  seldom  used. 

The  points  and  circles  thus  far  defined  are  determined  entirely 
1^  the  direction  of  gravity  at  the  station  occupied  by  the  observer. 


13.  The  IKiimal  Rotation  ot  the  Heavens.  — If  one  watches  the 
sky  for  a  few  hours  some  night,  he  will  find  that,  while  certain  stars 
rise  in  the  east,  others  set  in  the  west,  and  nearly  all  the  constella- 
tions change  their  places.    Watching  longer  and  more  closely,  it  will 

>  Beware  of  the  common,  bnt  vulgar,  pronunciation,  Bdt^xon. 
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appear  tliat  the  stars  move  in  circles,  uuiformly,  in  such  a  way  as 
not  to  disturb  their  relative  configuiatioos,  but  as  if  they  were 
attached  to  the  inner  surface  of  a  revolviDg  sphere,  turning  on  its 
axis  once  a  day.  The  path  thus  daily  described  by  a  star  is  called 
its  "diurnal  circle." 

It  is  soon  evident  that  in  our  latitude  the  visible  "  pole  "  of  this 
sphere  —  the  point  about  which  it  turns  —  is  in  the  north,  not  quite 
half-way  up  from  the  horizon  to  the  zenith,  for  in  that  region  the 
stars  hardly  move  at  all,  but  keep  their  places  all  night  long. 

14.  The  Poles.  —  The  Poles  may  be  defined  as  the  two  points  in 
the  sky,  oue  in  the  northern  hemisphere  and  one  in  the  southern, 


the  Polnton. 


where  a  star's  diurnal  circle  redunes  to  zero  ;  i.e.,  points  where,  if  a  star 
were  placed,  it  would  suffer  no  apparent  change  of  place  during  the 
whole  twenty-four  hours.  The  line  joining  these  poles  is,  of  course, 
the  axU  of  the  celestial  sphere,  about  which  it  seems  to  rotate  daily. 

The  exact  place  of  the  pole  may  be  found  by  observing  some  star 
very  near  the  pole  at  two  times  12  hours  apart,  and  taking  the  mid- 
dle point  between  the  two  observed  places  of  the  star. 

The  definition  of  the  pole  just  given  is  independent  of  any  theory 
as  to  the  cause  of  the  apparent  rotation  of  the  heavens.     If,  how- 
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evBT,  we  admit  that  it  ia  dae  to  the  earth's  rotation  on  its  axis,  then 
we  ma;  deQne  Uie  poles  as  the  pointa  where  ths  eartk'a  axit  produced 
pierces  the  c^estkU  sphere. 

IS.  Tlie  PoIfr«t&r  (Folarii).  —  The  place  of  the  northern  pole  is 
reiy  conveniently  marked  b;  the  Pole-gtar,  a  star  of  the  second  mag- 
nitude, wliich  ia  now  only  about  1^°  from  the  pole :  we  e&y  now,  be- 
cause on  account  of  a  slow  change  in  the  direction  of  tiie  earth's 
axifi,  called  "precession"  (to  be  discossed  later),  the  distance  be* 
tween  the  pole-star  and  the  pole  is  constantly  ohangiDg,  and  has  been 
for  several  centuries  gradually  decreasing. 

The  pole-star  stands  comparatively  solitary  in  the  sky,  and  may 
easily  be  reoc^nized  by  means  of  theso-called  "pointers,"  —  two 
stars  in  the  "  dipper  "  (in  the  constellation  of  Ursa  Major)  —  which 
point  very  nearly  to  it,  as  shown  in  Fig.  8.  The  pole  is  very  nearly 
on  the  line  joining  Folaria  with  the  star  Mizar  (£  Urs.  Miy.,  at  the 
bend  in  the  handle  of  the  dipper),  and  at  a  distance  just  about  one- 
qnarter  of  Qie  distance  between  the  pointers,  which  are  nearly  6° 
q>art. 

The  sonthern  pole,  onfortuQately,  is  not  so  marked  by  any  con- 
spicuous star. 

18.  The  Celettial  Eqaator,  or  EqaiiiDOtial  Cirole. — This  ia  a  great 
circle  midway  between  the  two  poles,  and  of  course  90°  from  each. 
It  may  also  be  defined  as  the  intersection  of  the  plane  of  the  earth's 
equator  with  the  celestial  sphere.  It  derives  its  name  from  the  fact 
that,  at  the  two  dates  in  the  year  when  the  sun  crosses  tMs  circle  — 
about  March  30  and  Sept.  22 — the  day  and  night  are  eqoal  in  length. 


17.  The  Vernal  Equinox,  or  First  of  Aries.— -The  Equinox,  strictly 
speaking,  is  the  time  when  the  sun  crosses  the  equator,  but  the  term 
has  come  by  accommodation  to  denote  also  the  point  where  it  crosses. 
This  crossing  occurs  twice  a.  year,  atmut  March  20th  and  September 
22d,  and  the  Vernal  Equinox  ia  the  point  on  the  equator  where  the 
auTt  crosaes  it  in  the  apring.  It  is  sometimes  called  the  Greenwich 
of  the  Celestial  Sphere,  because  it  is  used  as  a  reference  point  in  the 
sky,  much  as  Greenwich  is  on  the  earth.  Its  position  is  not  marked 
by  any  conspicuous  star. 

Why  this  point  is  also  called  the  "  First  of  Aries  "  will  appear 
later,  when  we  come  to  speak  of  the  zodiac  and  its  "signs." 
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18.  Hoiir-Ciroles.  — Hour>circlea  are  great  circles  of  tbe  celestial 
sphere  passing  through  its  polos,  and  consequently  perpendicular 
to  the  celestial  equiitor.  They  correspond  e:zactly  to  the  meridians 
of  the  earth,  &nd  some  writers  call  them  "  CclestiBl  Meridians  "  ;  but 
the  term  is  objectionable,  as  likely  to  lead  to  confusion  trith  the 
Meridian,  to  be  noted  immediately. 

19.  The  Keridian  and  Prime  Tertdcal.  —  The  Meridian  i»  (he  great 
oirde  passing  through  the  pole  and  the  zenith.  Since  it  ia  a  gi'eat 
circle,  it  must  necessarily  pass  through  both  poles,  and  through  the 
nadir  as  well  as  the  zenith,  and  must  be  perpendicular  both  to  the 
equator  iind  to  the  horizon. 

It  may  also  be  correctly  defined  as  the  Vertical  Cirde  which  passes 
through  fhepole;  or,  again,  as  the  Hour-Circle  which  passes  through 
.  the  zemth,  since  all  vertical  circles  must  pass  through  the  zenith,  and 
all  hour-circlea  through  the  pole. 

The  Prime  VerticaX  is  the  Vertical  Circle  (passing  throngh  the 
zenith)  at  right  auglea  to  the  meridian;  heuce  lying  east  and  west 
on  the  celestial  sphere. 

20.  The  Cardinal  Points.  — The  North  and  South  Points  are  the 
points  on  tbe  horizon  where  it  is  intersected  by  the  meridian ;  tbe 
East  and  West  Points  are  where  it  is  cut  by  the  prime  vertical,  and 
also  by  tbe  eqiintor.  The  North  Point,  which  is  on  the  horizon,  must 
not  be  confounded  witii  the  North  Pole,  which  is  not  on  the  horizon, 
but  at  an  elevation  equal  (see  Art  30)  to  the  latitude  of  the  observer. 


With  these  circles  and  points  of  reference  we  have  now  the  means 
to  describe  intelligibly  the  position  of  a  heavenly  body,  in  several 
different  ways. 

We  may  give  its  altitude  and  azivixith,  or  its  dediTMtion  and  hour- 
angle;  or,  if  we  know  the  time,  its  declination  and  right  ascension. 
Either  of  these  pairs  of  co-ordinates,  as  they  are  called,  will  define 
ita  place  in  the  sky. 

21.  Altitude  and  Zenith  Distanee  (Fig.  4)._Tbe  Altitude  of  a 
heavenly  body  is  tVs  angtdar  elevation  above  the  horizon,  and  is  meas- 
ured by  the  arc  of  the  vortical  eircle  passing  through  the  body,  and 
intercepted  between  it  and  the  horizon. 
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The  Zenitli  Distance  of  a  bod;  is  simplj  its  angalar  dlBtance  froin 
the  zenith,  and  is  the  complement  of  the  altitude.  Altitade  +  Zenith 
Distance  «  9(f. 

22.  Anmntii  and  AmpUtoda  (Fig.  4) .  — The  Azimuth  of  a  body 
is  the  angle  at  the  zenith,  between  the  meridian  and  the  vertical  drde, 
which  passes  through  the  body.  It  is  meaenred  also  by  the  arc  of  the 
horizon  Intercepted  between  the  north  or  south  point,  and  the  foot 
or  this  vertical.  The  word  is  of  Arabic  origin,  and  baa  the  same 
meaiuQg  as  tlie  true  bearing  in  aorveying  and  navigatioa. 


TmrUod  OlnilM. 


OZ,  UwO 

r.thaZeDllfa:  />,  Iha  Pols. 
SBSIP.  UwHorlion. 
SZPy,  ttaa  If  erldlu. 
XZW,  lbs  Prlmg  VenlML 


Jr.  Mm*  8ur. 

ZMR,  aro  of  tha  Sui^i  Vanlnl  Clnl 

TUB,  Ifaa  Star's  Almucaolar. 

AnglB  TZM,  at  ant  ^  WHfEB,  Bur'a . 

Are  HK.  SUr'a  AUitnde. 

An  ZM,  BUr-a  ZenttK  DiUanai. 


TIkts  are  Tariona  ways  of  reckoning  azimath.  Many  writers  express  it 
in  ttie  same  manner  as  ihe  hearing  ia  expressed  in  surreying;  i.e.,  so  many 
degrees  east  or  west  of  north  or  south ;  N.  30°  E.,  etc.  The  more  usual 
waj  at  present  is,  however,  to  reckon  it  in  degrees  from  the  south  point  clear 
round  throagh  the  west  to  the  point  of  beginning :  thns  an.  object  in  the 
SW.  would  have  an  aiimnth  of  45°;  in  the  HW.,  135°;  in  the  N.,  180°;  in 
the  NB.,  225°;  and  in  the  SE..  315".  For  eiample,  to  find  a  star  whose 
azunuth  is  260°,  and  altitude  60°,  we  must  face  N.  80°  E.,  and  then  look 
up  two-thirds  of  the  way  to  the  zenith.  The  object  in  this  case  has  an 
mqilUttde  ot  10°  N.  of  £.,  and  a  zenith  distance  of  30°.  Evidently  both 
tlie  anmnth  and  altitnde  of  a  heavenly  body  are  continually  changing. 

The  Amplitude  of  a  body  is  the  angle  intercepted  between  the 
Prime  vertical  and  the  Vertical  circle  which  passes  through  the  body. 
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In  Fig.  4,  SENW  represents  the  horizon,  S  being  the  south  point, 
and  Z  the  zenith.  The  angle  SZM,  which  numerically  equals  the 
arc  SH,  is  the  Azimuth  of  the  star  M;  while  EZM,  or  EH,  is  its 
Amplitude.     MH  is  its  Altitude,  and  ZM  its  Zenith  Dittanee. 

23.  Dftoliufttion  and  Polar  Diit&noe  (Fig.  5).  —  The  Declination 
of  a  heavenly  body  is  its  angular  distance  north  or  south  of  the  celes- 
tial equator,  and  is  measured  by  the  are  of  the  hour-circle  passing 
through  the  object,  intercepted  between  it  and  the  equator.  It  is 
reckoned  positive  (+)  north  of  the  celestial  equator,  and  negative  (— ) 
south  of  it.  Evidently  it  is  precisely  analogous  to  the  latitude  of  a 
place  on  the  earth.  The  north-polar  distance  of  a  star  is  its  angular 
distance  from  the  Korth  Pole,  and  is  simply  the  complement  of  the 
declination.     Declination  +  North-Polar  Distance  :^  90°. 

The  declination  of  a  star  remains  always  the  same  ;  at  least,  the 
slow  changes  that  it  undergoes  need  not  be  considered  for  onr  pres- 
ent purpose.  "Parallels  of  Declination"  are  small  circles  parallel 
to  the  celestial  equator. 

84.  The  Honr-Angle  (Fig.  5).  —  The  Hour-Angle  of  a  star  is  the 
angle  at  the  pole  between  the  meridian  and  the  hour-eirde  passing 
through  the  star.  It  may  be  reckoned  in  degrees  ;  but  it  also  may 
be,  and  most  commonly  is,  reckoned  in  hours,  minutes,  and  seconds 
of  time;  the  hour  being  equivalent  to  fifteen  degrees,  and  the  min- 
ute and  second  of  time  being  equal  to  fifteen  minutes  and  seconds 
of  arc  respectively. 

Of  course  the  hour-angle  of  an  object  is  continually  changing,  be- 
ing zero  when  the  object  is  on  the  meridian,  one  hour,  or  fifteen 
degrees,  when  it  has  moved  that  amount  westward,  and  so  on. 

26.  Bight  Atoension,  (Fig.  5).  —  The  Right  Ascension  of  a  star 
is  the  angle  at  the  pole  between  the  star's  hour-circle  and  the  hour- 
circle  (called  tTie  Equinoctial  Colure),  which  passes  through  the  vernal 
equinox. 

It  may  be  defined  also  as  the  arc  of  the  equator,  intercepted  be- 
tween the  vernal  equinox  and  the  foot  of  the  star's  hour-circle. 

It  is  always  reckoned  from  tlie  equinox  toward  the  east ;  some- 
times in  degrees,  but  usually  in  hours,  minutes,  and  seconds  of  time. 
The  right  ascension,  like  the  decUnatiwi,  remains  unchanged  by  the 
diurnal  m.otion. 
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S6.  .Sidereal  Time  (Fig.  5) For  many  aetionomical  purposes 

it  is  oonTenient  to  reckon  time,  not  by  the  sun's  position  in  the  aky, 
but  by  that  of  the  vernal  equinox. 

The  Sidereal  Time  at  any  moment  may  be  defined  as  tke  hour- 
angle  of  the  vernal  equinox.  It  is  sidereal  noon,  when  the  equinoc- 
tial point  is  on  the  meridian ;  1  o'clock  (sidereal)  when  its  hour- 
angle  is  15° ;  and  23  o'clock  when  its  hour-angle  is  345°,  i.e.,  when 
the  vernal  equinox  is  an  hour  eaat  of  the  meridian ;  the  time  being 
reckoned  round  through  the  whole  24  hours.  On  account  of  the 
annual  motion  of  the  sun  among  the  stars,  the  Solar  Day,  by  which 


FlO.  S.— EDnr-Clroln,  eM. 


O,  plae«  of  ttM  Obnrrer ;  Z,  hit  Zenith. 

SESW,  the  HorlHin. 

POF\  the  Alls  at  the  CeleellKl  Sphere. 


X,  the  Venial  Eqainox.  or  "  Pint  of  Ailea." 
PXP-,  the  BqolnocH*!  Colnre,  or  Zero  Hool- 
Ontle. 


r>i,  the  StftT'i  OtcHiKiAon;  Jhn,  tti  North- 

polar  DiilamK. 
Angle  mPS^iTc  QT,  the  Star's  (eutern) 

Hoar- Angle;  =  24-  nIniH  8tiif«  (we«t- 

em)  Hour-Angle. 
Angle  XPm  =  »rc  Xr,  Star's  Right  jltetit- 

tbm.    Sidereal  time  M  the  moment 

=  M>  mtniu  angle  XPQ. 


time  is  reckoned  for  ordinary  purposes,  is  about_i-inijmlafl-haiger 
than-tha.fiidfii:ealjiay-  The  exact  difference  is  3"  66".566  (sidereal), 
or  just  one  day  in  a  year ;  there  being  366J  sidereal  days  in  the 
year,  as  against  366^-  solar  days.     See  also  Arts.  110  and  1000. 

27.  Obieiratoiy  Deflnition  of  Right  Ascflniioit.  —  It  is  evident 
from  the  above  definition  of  sidereal  time  that  we  may  also  define  the 
Right  Ascension  of  a  star  as  the  sidereal  Umejuihen  the  star,  crosses 
the  meridian.     The  Star  and  the  Vernal  Equinox  are  (practically) 
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fixed  points  in  the  aky,  and  do  not  change  their  relative  positiou 
during  the  sky's  apparent  daily  revolution ;  a  given  star,  therefore, 
always  comes  to  the  meridian  of  any  observer  the  same  number  of 
hours  after  the  vernal  equinox  has  passed ;  and  this  number  of  hours 
is  the  sidereal  time  at  the  moment  of  the  star's  transit,  and  measures 
its  light  ascension.  In  the  observatory,  this  definition  of  right  as- 
cenaiou  is  the  most  natural  and  convenient. 

It  is  obvious  that  the  right  ascension  of  a  star  corresponds  in  the 
sky  exactly  with  the  longitude  of  a  place  on  the  earth ;  terrestrial 
longitude  being  reckoned  from  Greenwich,  just  as  right  ascension  is 
reckoned  from  the  vernal  equinox. 

N.B.  We  shall  find  hereafter  that  the  heavenly  bodies  have  lati- 
tudes and  longitudes  of  their  own  ;  hut  unfortunately  these  celestial 
latitudes  and  longitudes  do  not  correspond  to  the  terrestrial,  and  great 
care  is  necessary  to  prevent  confusion.     (See  Art.  179.) 

28.  An  armiUary  sphere,  or  some  equivalent  apparatus,  is  almost 
essential  to  enable  a  beginner  to  get  correct  ideas  of  the  points, 
circles,  and  co-ordinates  defined  above,  but  the  figures  will  perhaps 
be  of  assistance. 

The  first  of  them  (Fig.  4)  represents  the  horizon,  meridian,  and 
prime  vertical,  and  shows  how  the  position  of  a  star  is  indicated  by 
its  altitude  and  azimuth.  This  framework  of  circles,  depending 
upon  the  direction  of  gravity,  to  an  observer  at  any  given  station 
always  remains  apparently  unchanged  in  position,  while  the  sky 
apparently  turns  around  outside  it. 

The  other  figure  (Fig.  5)  represents  the  system  of  points  and 
circles  which  depend  upon  the  earth's  rotation,  and  are  independent 
of  the  direction  of  gravity.  The  vernal  equinox  and  the  hour-circles 
apparently  revolve  with  the  stars  vhile  the  pole  remains  fixed  upon 
the  meridian,  and  the  equator  and  parallels  of  declination,  revolving 
truly  in  their  own  planes,  also  appear  to  be  at  rest  in  the  sky.  But 
the  whole  system  of  lines  and  points  represented  iu  the  figure  (hori- 
zon and  meridian  alone  excepted)  may  be  considered  as  attached  to, 
or  marked  out  upon,  the  inner  surface  of  the  celestial  vault  and 
whirling  with  it. 

It  need  hardly  be  said  that  the  "  appearances  are  deceitful "  — 
that  which  is  really  carried  around  by  the  earth's  rotation  is  the  ob- 
server, with  his  plumb-line  and  zenith,  his  horizon  and  meridian  ; 
while  the  stars  stand  still  —  at  least,  their  motions  in  a  day  are 
insensible  as  seen  from  tlie  earth. 
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At  Qie  poles  of  the  earth,  which  are,  mathematically  speaking,  "aiDguhu''* 
points,  the  definitions  of  the  Meridian,  of  NorUi  and  South,  etc^  break 

-  There  the  pole  (celestial)  and  zenith  coincide,  and  any  number  of  circles 
may  be  drawn  tbrongh  the  two  points,  which  hare  now  become  one.  The 
horizon  and  oqnator  coalesce,  and  the  only  direction  on  tlie  earth's  snrface 
b  due  south  (or  north)  —  east  and  west  have  vanished. 

A  single  step  of  the  observer  will,  however,  remedy  the  confnaion :  zenith 
and  pole  will  separate,  and  his  meridian  will  i^ain  become  determinate. 


30.  To  recapitulate :  The  direction  of  gravitg  at  the  point  where 
the  observer  etanda  determines  tiie  Zenith  and  Nadir,  the  Horizon,  and 
tiie  Almncantars  (parallel  to  the  Horizon) ,  and  all  the  vertical  circles. 
One  of  the  verticals,  the  Meridian,  is  singled  out  from  the  rest  by 
the  drcunistaace  that  it  passes  through  the  poto  of  the  sky,  marking 
the  North  and  South  Foints  where  it  cats  the  horizon. 

Altitude  and  Azimuth  (or  their  complementa,  Zenith  Distance 
lod  Amplitude)  are  the  co-ordinates  which  designate  the  position 
of  a  body  by  refereoce  to  the  Zenith  and  the  Meridian. 

Similarly,  the  direction  of  the  earth's  cuds  (which  is  independent 
of  the  oliHerver's  place  on  the  earth)  determines  the  Poles,  the 
Equator,  the  Parallels  of  Declinatioa,  and  the  Hour-Circles.  Two 
of  tiiese  Honr-Circlea  are  singled  out  as  reference  lines ;  one  of  them, 
the  Meridian,  which  passes  through  the  Zenith,  and  is  a  purely 
local  reference  line ;  the  other,  the  Equinoctial  Colnre,  which  passes 
flirough  the  Vernal  Eqninox,  a  point  chosen  from  its  relation  to  the 
sun's  annaal  motion.  Declination  and  Hour-Angle  are  the  co-ordi* 
nates  which  refer  the  place  of  a  star  to  the  Pole  and  the  Meridian ; 
while  Declination  and  Rigid  Ascension  refer  it  to  the  Pole  and  Equi- 
noctial Colure.  The  Utter  are  the  co-ordinates  usually  employed  in 
star-catal(^ues  and  ephemeridea  to  deQae  the  positions  of  stars  and 
planets,  and  correspond  to  Latitude  and  Longitude  on  the  earth. 


80.  SelaUon  of  the  Apparent  Dinraal  Xotion  of  the  Sky  to  the 
Obierver'i  Latitude.  —  Evidently  the  apparent  motions  of  the  stars 
will  be  considerably  influenced  by  the  station  of  the  observer,  since 
the  place  of  the  pole  in  the  sky  will  depend  upon  it.  The  AUitud* 
of  the  pole,  or  Its  height  tn  degrees  above  the  horizon,  is  always  equal 
to  tiie  Latitude  of  the  observer.  Indeed,  the  German  word  for  lati- 
tade  (astronomical)  is  Folhdhe;  i.e.,  simply  "  Pole-h^ht." 
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LATITUDE   AND   THE   POLB, 


This  will  be  clear  from  Fig.  6.  The  latitade  of  a  place  ia 
ihe  angle  between  Us  plumb-line  and  the  plane  of  the  equator;  the 
angle  O^Q  in  the  figure.  [If  the  earth  were  truly  spherical,  N 
would  coincide  with  C,  the  centre  of  the  earth.  The  ordinary 
definition  of  latitude  given  in  the  geographies  disregards  the  slight 
difference.] 

Now  the  angle  H'OP"  is  equal  to  ONQ,  because  their  sides  are  mu- 
tually perpendicular ;  and  it  is  also  the  aliitude  of  the  pole,  because 
the  line  HIT  is  horizontal  at  0,  and  OP",  being  directed  towards  the 
celestial  pole,  ia  therefore  parallel  to  pCPP\  the  axis  of  the  earth. 

This  fundamental  relation,  that  the  altitude  of  the  celestial  pole  is 
the  Latitude  of  the  observer,  cannot  be  too  stronglj-  impressed  on  the 
student's  mind.    The  usual  eymbol  for  the  latitude  of  a  place  is  0. 


31.  The  Bight  Spbere.  —  If  the  observer  is  situated  at  the 
earth's  equator,  i.e.,  in  latitude  zero  (^  =  o),  the  pole  will  be  in  the 
horizon,  and  the  equator  will  pass  vertically  overhead  through  the 
Eenith. 

The  stars  will  rise  and  set  vertically,  and  their  diurnal  circles  will 
all  be  bisected  by  the  horizon,  so  that  they  will  be  12  hours  above 
it  and  12  below.  This  aspect  of  the  heavens  is  called  the  Sight 
Sphere. 

32.  The  Parallel  Sphere.  —  If  the  observer  is  at  the  pole  of  the 
earth  (^  =  90°),  then  the  celestial  pole  will  be  in  the  zenith,  and 
the  equator  will  coincide  with  the  horizon.  If  he  is  at  the  JVortA 
Pole,  all  stare  north  of  the  celestial  equator  will  remain  permanently 
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above  the  honzoo,  never  risiog  or  falling  at  all,  but  sailing  around 
<Mi  circles  of  altitude  (or  Almucantan)  parallel  to  the  horizon, 
Stan  in  the  Southern  Hemisphere,  on  the  other  hand,  would  never 
rise  to  view.  As  the  ann  and  the  moon  move  in  aucfa  a  way  that 
daring  half  the  time  they  are  alternately  north  and  sooth  of  the 
equator,  they  will  be  half  the  time  above  the  horizon  and  half  the 
time  below  it.  The  moon  would  be  visible  for  about  a  fortnight  at  a 
time,  and  the  sun  for  six  montha. 


33.  The  Oblique  Sphere  (Fig.  7).  — At  any  station  between  tbe 
pole  and  equator  the  stars  will  more  in  circles  oblique  to  the  horizon, 
■  SENWin  the  figure.  Those  whose  distance  from  the  elevated  pole 
is  less  than  the  latitude  of  the  place  will,  oTcourse|  neversink  below' 
tbe  borizoD, — tbe  radius  of  the  '^Cirtie  qf  Ferpetuai  Jfparition,,'' 


Vw.  1.— Tlia  ObUqiu  Bpban  uhI 


as  it  is  called  (the  shaded  cap  around  P  \n  the  figure),  being  Just 
equal  to  tbe  height  of  tbe  pole,  and  becoming  larger  as  the  latitude 
Increases.  On  the  other  hand,  stars  witbin  the  same  distance  of  tbe 
depressed  pole  wilt  lie  witbin  the  "  Circle  of  Perpetuai  Oceuitation," 
and  will  never  rise  above  the  horizon. 

A  star  exactly  on  the  celestial  equator  will  have  its  dinroal  circle 
EQ  WQ'  bisected  by  the  horizon,  and  will  be  above  tbe  horizon  Just 
as  loi%  as  below  it.  A  star  north  of  the  equator  (if  tbe  North  Pole 
is  the  elevated  one)  will  have  more  than  half  of  its  diurnal  cirok 
above  the  horizon,  and  will  be  visible  more  than  half  the  time ;  as,  tot 
iDstance,  a  star  at  A ;  and  of  course  the  reverse  will  be  true  of  stars 
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on  the  other  side  of  the  equator.'  Whenever  the  aun  is  north  of 
the  equator,  the  day  will  therefore  be  longer  than  the  night  for  all 
stations  in  northern  latitude :  how  much  longer  will  depend  both 
on  the  latitude  of  the  place  and  the  buu'b  distance  from  the  celestial 


>  A  CelcBtJal  Globe  will  be  of  great  asslBtance  In  studying  these  diurnsl  circles. 
The  north  pole  of  the  globe  must  be  elevated  to  an  angle  equal  to  the  btltude  at 
the  observer,  which  can  be  done  by  means  of  .the  degrees  maiked  on  the  bisaa 
meridian.  It  will  then  at  once  be  eadly  seen  what  etam  never  set,  which  onee 
never  rise,  and  during  what  part  of  the  24  hours  any  heavenly  body  at  a  known 
distance  from  the  equator  la  above  or  below  the  horizon. 

NoiK  TO  Art.  6. 
The  ordinary  estimate  ot  the  apparent  siie  of  the  sun  and  moon  as  "about  a 
foot  in  diameter  "  probably  rests  upon  a  pbysiological  fact,  —  va.,  that  in  judg- 
ing moderate  distances,  where  we  are  not  helped  by  intervening  objects,  we 
have  to  depend  npoa  the  muscular  sensation  of  stri^n  in  converging  our  eyes 
towards  the  object  looked  at.  For  distances  not  exceeding  fifty  or  ^ity  feet 
this  is  fairly  accurate,  but  for  distances  above  a  hundred  feet  it  entirel;  fails. 
When,  therefore,  we  look  at  the  moon  in  mid-heaven,  our  eyes  directly  inform 
ns  tliat  it  is  at  least  a  hundred  feet  away ;  on  the  other  hand,  from  the  absence 
of  intervening  objects  we  InBlJoctively  estimate  the  distance  as  the  least  possible 
con^tent  with  the  non-convergence  of  our  eyes,  and  accordingly  imagine  the 
size  of  the  disc  to  be  about  that  of  a  ball  which  at  a  distance  of  a  handred  feet 
or  BO  would  subtend  the  same  angle  of  half  a  degree ;  ic,  about  a  foot. 


D.gitizect.yG00glc 


ASXBOBOMICAL  IK8TKUMENT8. 


CHAPTER  n, 

A8TB0N0MICAL  IN8TRTIMENT8. 

84.  AsTSOMOHiOAL  obseTvatiODS  are  of  Tarione  kinds :  Bometimea 
we  desire  to  ascertain  the  apparent  distance  between  two  iKxlies  at  a 
^ven  time ;  sometimes  the  position  which  a  t>ody  occupies  at  a  given 
time,  or  the  moment  it  an-ives  at  a  given  circle  of  the  sb;,  nsually 
the  meridian.  Sometimes  we  wish  merely  to  examine  it^  surface,  to 
measure  its  light,  or  to  investigate  iU  spectiiim ;  and  for  all  these 
purposes  special  instruments  have  been  devised. 

We  propose  in  this  chapter  to  describe  very  briefly  a  few  of  iba 
most  important. 

3S.  TeIewDp«8  in  Qeneral.  — Telescopes  are  of  two  kinds,  refract- 
ing and  reflecting.  The  former  were  flrst  invented,  and  are  much 
more  ased,  but  the  largest  instruments  ever  made  are  reflectors.  lu 
both  the  fundamental  principle  is  the  same.  The  large  lens,  or  mir- 
ror, of  the  inBtrnment  forms  at  its  focus  a  real  image  of  the  object 
looked  at,  and  this  image  is  then  examined  and  mt^nified  by  the  eye- 
'  piece,  which  in  principle  is  only  a  magnifying-glass. 

In  the  form  of  telescope,  however,  introduced  by  Galileo,'  and  still  used 
as  the  "  opera^lasB,"  the  rays  from  the  object^Iaas  are  intercepted  by  a  con-, 
cave  lens  which  performs  the  office  of  an  eye-piece  be/ore  they  meet  at  the 
focus  to  form  the  "real  im^e."  But  on  account  of  the  smalluess  of  the 
field  of  view,  and  otber  objectiona,  this  form  of  telescope  Is  never  used  when 
any  considerable  power  is  needed. 

1  Id  atricmeM,  Galileo  did  not  ioTent  the  telescope,  tti  jtrit  inventioii 
Menu  to  have  been  in  1008,  by  Lipperhe7,  a  ■pectacte.niaker  of  Middleburg, 
In  Holland ;  though  the  honor  has  alio  been  claimed  for  two  or  three  other 
Dutch  opti(:ians.  Galileo,  in  hii  "Nuncius  Sydereui,"  publiahed  in  March, 
1610,  hlmielf  taji  that  he  had  heard  of  the  Dutch  instruments  In  1609,  and 
by  so  hearing  wsi  ted  to  construct  his  own,  which,  however,  far  excelled  in 
power  any  that  had  been  made  previoualy  ;  and  he  was  the  flrat  to  apply 
the  teleicope  to  Astronomy  See  Grant's  "History  of  Astronoroy,"  pp.  614 
and  »eqq. 
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36.  Simple  'Retnefing  XelMOOpe. — This  coosista  esBeotially  as 
^own  in  the  flgtire  (Fig.  8),  of  a  tube  containing  two  tenses :  a  single 
convex  lens,  A,  called  the  object^lass ;  and  another,  of  Bmaller  size 
and  short  fo<»i8,  B,  called  the  eye-piece.  Becalliag  the  principles  of 
lenaes  the  stndent  will  see  that  if  the  instrument  be  directed  at  a  dis- 
tant object,  the  moon,  for  instance,  all  the  rays,  0^0^,  which  fall 
npon  tlie  objeot-glass  from  &  point  at  the  top  of  the  moon,  will  be 
collected  at  a  in  the  focal  plnne,  at  the  bottom  of  the  image.  Simi- 
larly rays  from  the  bottom  of  the  moon  will  go  to  6  at  the  top  of  the 
image  ;  moreover,  ainoe  the  rays  thtit  pass  through  tbe  optical  centoe 
of  the  lens,  o,  are  undeviated,'  the  angle  a,fibo  will  equal  boa  ;  or,  in 
other  words,  if  the  focal  length  of  the  lens  be  five  feet,  for  instance, 
then  tiie  image  of  the  moon,  seen  ttom  a  diataoce  of  five  feet,  will 
appear  just  as  large  as  the  moon  itself  does  In  the  sky,  —  it  will 
snbtend  the  same  angle.     If  we  look  at  it  from  a  smaller  distance. 


ns.!.  — PiUmt  tilt  lUfi  la  lb«  AdraDomlCBl  TalMOOiM. 

say  ftom  a  distance  of  one  foot,  the  image  will  look  larger  than  tbe 
noon ;  and  in  fact,  without  using  an  eye-piece  at  all,  a  person  with 
normal  eyes  can  obtain  considerable  magnifying  power  from  tbe 
object-glass  of  a  large  telescope.  With  a  lens  of  ten  feet  focal 
length,  such  as  is  ordinarily  used  in  an  8>inch  telescope,  one  can 
easily  see  the  mountains  on  the  moon  and  the  satellites  of  Jupiter, 
by  taking  out  the  eye-piece,  and  putting  the  eye  in  tiie  line  of  vision 
some  eight  or  ten  inches  back  of  the  eye-piece  hole. 

The  image  is  a  real  one;  i.e.,  the  rays  that  come  from  different 
points  in  the  object  actuaUy  meet  at  corresponding  points  in  the  im- 
age, BO  that  if  a  photographic  plate  were  inserted  at  oi,  and  prop- 
erly exposed,  a  picture  would  be  obtained. 

If  we  took  at  the  image  with  the  naked  eye,  we  cannot  come  nearer 

I  Id  thU  exptanstlon,  we  use  the  approximate  theorj  ol  leoaea  (Id  which  their 
thickDCM  ii  neglected),  as  giren  in  tbe  eleDienurf  text-booki.  The  more  exact 
theory  of  Oanai  and  later  writeni  woald  require  lonie  alight  modiflcatioDS  in  oui 
BtatementB,  but  none  ot  Aay  material  Importance.  For  a  thorough  diaciuiioi^ 
■ee  Jamln, "  TVaiVdcPkyn^,"  or  Edc7c.  Britannica,— Optics. 
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to  the  image  (unless  near-eighted)  than  eight  or  tea  Inches,  and  so 
cannot  get  an;  great  magnifying  power ;  bat  if  we  use  a  magnify- 
ing-glass,  we  can  approach  mach  closer. 

37.  Hagnifying  Power.  —  If  tbe  eye-piece  B  ie  set  at  a  diBtance 
from  the  im^e  equal  to  its  principal  focal  distance,  then  any  pencil  of 
rays  from  any  point  of  the  image  will,  after  passing  the  lenfi,  be  con- 
verted into  a  parallel  beam,  and  will  appear  to  the  eye  to  corae  from 
a  point  at  an  inflnite  distance,  as  if  from  an  object  in  the  sky.  The 
rays  which  came  from  the  top  of  the  moon,  for  instance,  and  are  col- 
lected at  a  in  the  imt^e,  will  reach  the  eye  as  a  beam  paraUel  to  the 
Une  ac,  tohich  connects  a  with  the  optical  centre  of  tfie  eye-piece.  Simi- 
larly with  the  rays  which  meet  at  6.  The  observer,  therefore,  will 
see  the  top  of  the  moon's  disc  in  the  direction  ck,  and  the  bottom  in 
the  direction  d.  It  will  appear  to  him  inverted,  and  greatly  magni- 
fied ;  its  apparent  diameter,  as  seen  by  the  naked  eye  and  measured  ' 
by  the  angle  aob  (or  its  equal  V^)>  having  been  increased  to  acb. 
Since  both  these  angles  are  subtended  by  the  same  tine  ab,  and  are 
gmcM  (die  figure,  of  course,  is  much  out  of  proportion),  they  must 
be  inversely  proportional  to  the  distance  ob  and  cb  \  i.e.,  boa  :  bca  =z 
eb:6b\  or,  putting  this  into  words ;  The  ratio  between  the  natural 
^parent  diameter  of  the  object,  and  its  diameter  as  seen  through  the 
telescope,  fs  equal  to  the  raiio  between  the  focal  lengths  of  the  eye- 
lena  and  object-glasa.  This  ratio  is  called  the  magnifying  power 
of  the  telescope,  and  is  therefore  given  by  tJie  simple  formula 
M=  -z,  where  F  is  the  focal  length  of  the  object-glass  and  /  that  of 
eye-piece,*  while  M  is  the  magnifying  power. 

If,  for  example,  the  object-glass  have  a  focal  length  of  thirty  feet, 
and  the  eye-piece  of  one  inch,  the  maguifying  power  will  be  360  ;  the 
power  may  be  changed  at  pleasure  by  substituting  different  eye- 
pieces, of  which  every  large  telescope  has  an  extensive  stock. 

38.  K^htnets  of  Image.  —  Since  all  the  rays  fh)m  a  star  which 
fall  upon  the  large  object-glass  are  transmitted  to  the  observer's  eye 
(n^tecting  the  losses  by  absorption  and  reflection),  he  obviously  re- 


'  A  magnlfytng  power  of  1  Is  no  msgaifjing  power  >t  all.  Object  and  image 
•ubtend  equal  angles.  A  magnifying  power  denoted  bj  a  fraction,  ey/  \,  would 
be  a  mini/i/ing  power,  making  the  object  look  imalUr,  as  wlien  we  look  at  an  ob 
Jed  tbrongh  tlia  wrong  end  ot  a  apj-gUw. 
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ceives  a  quanti^  of  light  much  greater  than  he  would  naturally  get: 
as  man;  (jmes  greater  as  the  area  of  the  ubject-lens  ia  greater  than 
that  of  the  pupil  of  the  eye.  If  we  estimate  this  latter  as  having  a 
diameter  of  one-fifth  of  an  inch,  then  a  1-inch  telescope  would  in- 
crease the  light  twenty-five  times,  a.  lO-incb  instrument  2500  times, 
and  the  great  Lick  telescope,  of  thirty-six  inches'  aperture,  32,400 
times,  the  amount  being  proportional  to  the  sqiuu-e  of  the  diameter 
of  the  lens. 

It  must  not  be  supposed,  however,  that  the  apparent  brightness  of 
an  object  like  the  moon,  or  a  planet  which  shows  a  disc,  is  increased 
in  any  such  ratio,  since  the  eye-piece  spreads  out  the  light  to  cover  a 
vastly  more  extensive  angular  area,  according  to  its  magnifying 
power;  in  fact,  it  can  be  shown  that  no  optical  arrangemeut  can 
show  an  extended  surface  brighter  than  it  appears  to  the  naked 
eye.  But  the  total  quantity  of  light  utilized  is  graatly  increased 
by  the  telescope,  and  in  consequence,  multitudes  of  stars,  far  too 
faint  to  be  visible  to  the  unassisted  eye,  are  revealed;  and,  what  is 
practically  very  important,  tfte  brighter  stars  are  easUy  seen  by  day 
with  the  telescope. 

39.  Biitinetnets  of  Image.  —  This  depends  upon  the  exactness 
with  which  the  lens  gathers  to  a  single  point  in  the  focal  image  all 
the  rays  which  emanate  from  the  corresponding  point  in  the  object. 
A  single  lens,  with  spherical  surfaces,  cannot  do  this  very  perfectly, 
tJie  "  aberrations  "  being  of  two  kinds,  the  spherical  aberration  and 
the  citromatic.  The  former  could  be  corrected,  if  it  were  worth  while, 
by  slightly  modifying  the  form  of  the  lens-surfaces ;  but  the  latter, 
which  is  far  more  troublesome,  cannot  he  cured  in  any  such  way. 
The  violet  rays  are  more  refrangible  than  the  red,  and  come  to  a 
focus  nearer  the  lens ;  so  that  the  image  of  a  star  formed  by  such 
a  lens  can  never  be  a  luminous  point,  but  is  a  round  patch  of  light 
of  different  color  at  centre  and  edge. 

40.  Long  TeloKOpei.  —  By  making  the  diameter  of  the  lens  very  aiuall 
M  compared  with  its  focal  length,  the  aberration  becomes  less  conspicuous  ; 
and  refractors  were  used,  about  1680,  having  a  length  of  more  than  100  feet 
and  a  diameter  of  five  or  six  inches.  The  object-glass  was  mounted  at  the 
top  of  a  high  pole  and  the  eye-piece  was  on  a  separate  stand  below.  Huy- 
ghens  and  Cassini  both  used  such  "  aerial  telescopes,"  and  one  of  Huyghens' 
object-glasses,  of  six  inches  aperture  and  123  feet  focus,  is  etill  preserved 
in  the  Museum  of  the  Royal  Society  in  London. 
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41.  The  A<dirontatic  Telwoope.  —  The  chroma.tJc  aberration  of  a 
lens,  as  has  been  said,  cannot  be  cured  by  any  modification  of  the  lens 
itself;  but  it  was  dJecovered  in  England  about  1760  that  it  can  be 
aearly  corrected  bj  making  ttie  object-glass  of  two  (or  more)  lenses, 
of  di^fferent  kinds  of  glass,  one  of  the  tenses  being  convex  and  the 
other  concave.  The  convex  lens  is  usually  made  of  crown  glass,  tiie 
concave  of  flint  glass.  At  the  same  time,  by  properly  choosing  the 
curves,  the  spherical  abeiTation  can  also  be  destroyed,  so  that  such  a 
compound  object-glass  comes  reasonably  near  to  fulfilling  the  con- 
dition, that  it  should  gather  to  a  mathematical  point  in  the  image  all 
the  rays  that  reach  the  object-glass  from  a  single  point  in  the  object. 

These  object-glasses  admit  of  a  considerable  vaiiety  of  forms  Formerly 
they  were  generally  made,  as  in  Fig  9,  No  3,  having  the  two  lenses  close 
together,  and  the  adjacent  surfaces  of  the  same  or  nearly  the  same,  curva- 
ture. In  small  object-glasses  the  lenses  are  often  cemented  ti^ether  with 
Canada  balsam  or  some  other  transparent  medium  At  present  some  of  the 
best  m^cers  separate  the  two  lenses  by  a  considerable  distance,  so  as  to 
admit  a  free  circulation  of  air  between  them,  in  the  Pulkowa  and  Fnnoe- 
ton   object  -  glasses,    constructed    by 

Cl.rk,  Ih.  knK«  ^  «.,.„  mohe.  |c™»l  t-^^  frC~S>| 
apart,  and  m  the  Lick  telescope  six     I  J     |^s=B™aad    |1"      '      Tl 

and  a  half  inches;  as  in  No  1     In    p=m    "^  gous.  "^""^ 

a  form  devised  by  Gauss  (No.  2),  Clark 

which  ha.  «>m.  i«iv.i,tage.,  but  ii  F.....-l)«»n.^™^.b.ia».™». 
difficult  of  construction,  the  curves 

are  very  deep,  and  both  the  lenses  are  of  watch-glass  form — concave  on  one 
ude  and  convex  on  the  other.  In  all  these  forms  the  crown  glass  is  outside ; 
Steinheit,  Hastings,  and  others  have  constructed  lenses  with  the  flint-glass 
lens  outside.  Object-glasses  are  sometimes  made  with  three  lenses  instead 
of  two;  a  slightly  better  correction  of  aberrations  can  be  obtuned  in  this 
way,  but  the  gain  is  too  small  to  pay  for  the  extra  expense  and  loss  of  light 

48.  Seoondar;  Speotmni.  —  It  is  not,  ho-wever,  possible  with  the 
kinds  of  glass  ordinarily  employed  to  secure  a  perfect  correction  of 
the  color.  Our  best  achromatic  lenses  bring  the  yellowish  green 
rays  to  a  focus  nearer  the  lens  than  they  do  the  red  and  violet.  In 
consequence,  the  image  of  a  bright  star  is  surrounded  by  a  purple 
halo,  which  is  not  very  noticeable  in  a  good  telescope  of  small  size, 
but  is  very  conspicuous  and  troublesome  in  a  large  instrument. 

This  imperfection  of  achromatism  makes  it  unaatiafaotory  to  use  an  ordi- 
nary lens  {visuaily  corrected)  for  astronomical  photography.  To  fit  it  to 
make  good  photographs,  it  must  either  be  specially  corrected  for  the  raya 
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that  STe  most  effeclJTe  in  photography,  the  blue  and  violet  (in  vhich  case  it 
will  bo  aimoat  worthless  visually),  or  ebe  a  subaidiary  lens,  known  as  a  "pho- 
tographic corrector,"  may  be  provided,  which  can  be  put  on  in  front  of  the 
object-glass  when  needed.  A  new  form  of  object-gla&i,  devised  independ- 
ently by  Pickering  in  this  country  and  Stokes  in  England,  avoidn  the  necessity 
of  a  third  lens  by  making  the  crown-glass  lens  of  such  a  form  that  when 
put  close  to  the  flint  lens,  with  the  JlaUer  side  out,  it  makes  a  perfect  object- 
glass  for  visual  purposes ;  but  by  simply  reversing  the  crown  lens,  with  the 
more  convex  side  outward,  and  separating  the  lenses  an  inch  or  two,  it  be- 
comes a  photographic  object-glass. 

43*.  Flioto*Tiiiial  ObfoctivM-  - —  Much  is  hoped  from  the  new  kinds  of 
glass  now  made  at  Jena,  but  there  has  been  great  difficulty  in  producing  discs 
satisfactorily  homogeneous,  of  such  chemical  composition  that  the  surfaces 
will  not  "rust,"  and  large  enough  for  telescop)es  of  any  size.  Since  1894, 
however,  the  English  opticians,  Cooke  &  Sons,  have  been  advertising  "per- 
fectly achromatic"  triple  object^lasses,  which  are  asserted  to  be  equally 
perfect  for  visual  and  photographic  use.  They  offer  to  make  lenses  twenty 
inches  in  diameter,  but  up  to  1896  had  produced  only  a  few  as  large  as  six 
or  eight  inches,  which  have  been  eiamiiied  and  very  favorably  reported  on 
by  eminent  astronomers.  Possibly  the  new  century  will  open  a  new  era  in 
telescope-making. 

43.  Diffraction  and  Bpnriooi  Diu.  — Even  if  a  lens  were  perfect 
as  regards  the  correction  of  aberrations,  the  "wave"  nature  of  light 
prevents  the  image  of  a  luminous  point  from  being  also  a  point ;  the 
image  must  necessarily  consist  of  a  central  disc,  brightest  in  the  cen- 
tre and  fading  to  darkness  at  the  edge,  irnd  thia  is  surrounded  by  a 
series  of  bright  rings,  of  which,  however,  only  the  smallest  one  is 
geuerally  easily  seen.  The  size  of  this  disc-and-ring  system  can  be 
calculated  from  the  known  wave-lengths  of  light  and  the  dimensions 
of  the  lens,  and  the  results  agree  very  precisely  with  observation. 
The  diameter  of  the  "  spurious  disc  "  vanes  inversely  with  the  aper- 
ture of  the  telescope.  According  to  Dawes,  it  is  about  4". 5  for  a 
1-inch  telescope;  and  consequently  1"  for  a  4i-inoh  instrument,  0".6 
Cor  a  9-incb,  and  so  on. 

This  circumstance  has  much  to  do  with  the  superiority  of  large  instru- 
ments in  showing  minute  details.  No  increase  of  magnifying  power  on  a 
small  telescope  can  exhibit  things  as  sharply  as  the  same  power  on  the  larger 
one ;  provided,  of  course,  that  the  larger  object-glass  is  equally  perfect  in 
workmanship,  and  the  air  in  good  optical  condition. 

If  the  telescope  is  a  good  one,  and  if  the  wr  is  perfectly  steady,  —  which 
unfortunately  b  seldom  the  case, — the  apparent  disc  of  a  star  should  be 
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perfectly  roond  and  well  defined,  without  wings  or  tails  of  any  kind,  having 
aroand  it  from  one  to  three  bright  rings,  separated  by  distances  somewhat 
greater  than  the  diameter  of  the  disc.  If,  however,  the  magnifying  power 
19  more  than  about  SO  to  the  inch  of  aperture,  the  edge  of  the  disc  will  begin 
to  appear  hazy.  There  is  seldom  any  advantage  in  the  use  of  a  magnifying 
power  exceeding  75  to  the  inch,  and  for  most  purposes  powers  nuiging  from 
2D  to  40  to  the  inch  are  most  satisfactory. 

44.  Eye-Pieces. — For  many  purposcB,  as  (or  inatance  the  eiamina- 
tioD  of  close  doahle  stars,  there  is  do  better  eye-pieoe  than  the  simple 
convex  lens ;  but  it  performs  well  oot;  when  the  object  is  exactly  in 
the  oeDtre  of  the  field.  Usually  it  is  best  to  employ  for  the  eye-piece 
a  combination  of  two  or  more  lenses. 

Eye-pieces  belong  to  two  classes,  the  positive  and  the  negative.  The 
former,  which  are  mach  more  generally  useful,  act  as  simple  magnify- 
tng-glasses,  aod  can  be  used  aa  hand  magniflers  if  desired.  The  foctd 
image  formed  by  the  object-glass  ties  ovtside  of  the  eye-piece. 

Id  the  negative  eye-pieces,  on  the  other  hand,  the  rays  from  the 
object-glass  are  intercepted  before  they  come  to  the  focus,  and  the 
image  is  formed  between  the  lenses  of  the  eye-piece.  Such  an  eye- 
piece caDDOt  be  used  as  a  band  magnifier. 

45.  The  simplest  and  most  common  forms  of  these  eye-pieces  are  the 
Ramsden  (positive)  and 
Huyghenian  (negative). 
Each  is  composed  of  two 
plano-convex  lenses,  but 
the  arrangement  and 
curves  differ,  as  shown 
in  Fig.  10.  The  former 
gives  a  very  flat  field  of 
view,  but  is  not  Bchro- 
niatic;  the  latter  is  more  Fia.  u.  — VulaiH  Fomuof  Tvlewope B je-ptaoe. 
nearly    achromatic,    and 

possibly  defines  a  little  better  just  at  the  centre  of  the  field ;  but  the  fact 
that  it  is  a  negative  eye-piece  greatly  restricts  its  usefulness.  In  the  Rams- 
den eye-piece  the  focal  lengths  of  the  two  component  lenses,  both  of  which 
have  their  flat  sides  out,  are  about  equal  to  each  other,  and  their  distance  is 
about  one-third  of  the  sum  of  the  focat  lengths.  In  the  Huyghenian  the 
curved  sides  of  tlie  lenses  are  both  turned  towards  the  object-glass ;  the 
focal  distance  of  the  field  lens  should  be  exactly  three  times  that  of  the  lens 
next  the  eye,  and  the  distance  between  the  lenses  one-half  the  sum  of  the 
focal  lengths. 

There  are  numerous  other  forms  of  eye-piece,  each  with  its  own  advut- 
tagea  and  disadvantages.    The  erecting  eye-piece,  used  in  spy-glasses,  ia 
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essentially  a  compoand  microscope,  and  gives  erect  vision  by  again  invert 
ing  the  already  inverted  image  formed  by  the  object-glass. 

It  is  obvious  that  in  a  telescope  of  any  size  tbe  object-glass  is  the  most 
important  and  expensive  part  of  the  instrament.  Its  coat  varies  from  a  few 
hundred  dollars  to  many  thousands,  while  the  eye-pieces  generally  cost  only 
from  f  5  to  920  apiece. 

46.  Betlcle.  —  When  a  telescope  is  used  for  pointing,  as  in  most 
astronomical  inBtruments,  it  must  be  provided  with  a  reticle  of  some 
sort.  This  is  usually  a  metallic  frame  with  spider  lines  stretched 
across  it,  placed,  not  near  the  object-glass  itself  (as  is  often  sup- 
posed), but  at  the  focus  of  the  object-glass,  where  the  image  is 
formed,  as  at  a  &  in  Fig.  8. 

It  is  usually  so  arranged  that  it  can  be  moved  in  or  out  a  little  to  get  it 
exactly  into  the  focal  plane,  and  then,  when  the  eye-piece  (positive)  is  ad- 
justed for  the  observer's  eye  to  give  distinct  vision  of  the  object,  tlie  "wires," 
as  they  are  called,  will  also  be  equally  distinct.  As  spider-threads  are  very 
fragile,  and  likely  to  get  broken  and  displaced,  it  is  ofteu  better  to  substitute 
filaments  of  qitarU,  or  a  thin  plate  of  glass  with  lines  ruled  upon  it  and 
blackened.  The  field  of  view,  or  the  threads  themselves,  must  be  illuminated 
in  order  to  make  them  visible  in  darkness. 

47.  The  Befleotingf  TelMOOpe.  —  When  the  chromatic  aberration 

of  lenses  came  to  be  understood  through  the  optical  discovery  of 
the  dispersion  of  light  by  Newton,  the  reflecting  telescope  was  in- 
vented, and  held  its  place  as  the  instrument  for  star-gazing  until 
well  into  the  present  century,  when  large  acliromatics  began  to  be 
made.  There  are  several  varieties  of  reflecting  telescope,  all  agree- 
ing in  the  substitution  of  a  large  concave  mirror  in  place  of  the 
object-glass  of  the  refractor,  but  differing  in  the  way  in  which  they 
get  at  the  image  formed  by  this  mirror  at  Its  focus  in  order  to 
examine  it  with  the  eye-piece. 

48.  In  the  Herschelian  form,  which  is  the  simplest,  but  only  suited  to 
very  laige  instruments,  the  mirror  is  lipped  a  little,  so  as  to  throw  the  im^^ 
to  the  side  of  the  tube,  and  the  observer  stands  with  his  back  to  the  object 
and  looks  down  into  the  tube.  If  the  telescope  is  as  much  as  two  or  three 
feet  in  diameter,  his  head  will  not  int«rcept  enough  light  to  do  much  harm, 
—  not  nearly  so  much  as  would  be  lost  by  the  second  reflection  necessary  in 
the  other  forms  of  the  instrument.  But  the  inclination  of  the  mirror,  and 
the  heat  from  the  observer's  person,  are  fatal  to  any  very  accurate  definition, 
and  unfit  this  form  of  instrument  for  anything  but  the  observation  of  nebul» 
and  objects  which  munly  require  light-gathering  power. 
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In  the  Newtonian  teleacope,  a  sniaU  plane  reflector  standing  at  an  angle 
of  45°  is  placed  in  the  centre  of  the  tube,  so  as  to  intercept  the  rays  reflected 
b;  the  large  mirror  a  little  before  thej  come  to  their  focus,  and  throw  them 
to  the  side  of  the  tube,  where  the  eye-piece  is  placed. 

In  the  Gregorian  form  (which  was  the  first  invented),  the  large  mirror  is 
pierced  through  its  centre,  and  the  rays  from  it  are  reflected  through  the 
hole  bj  a  small  concave  mirror,  placed  a  little  outside  of  the  principal  focuB 
at  the  mouth  of  the  tube.  With  this  instrument  one  looks  directly  at  the 
stars  as  with  a  refractor,  and  the  image  is  erect. 

The  Cassegrainian  form  is  very  similar,  except  that  the  small  concave 
mirror  of  the  Gregorian  is  replaced  by  a  convex  mirror,  placed  a  little  inside 
tlte  focus  of  the  large  mirror,  which  makes  the  instrument  a  little  shorter, 
and  {^ves  a  flatter  field  of 
▼iew-  [g-; ■*,, 4 

Formerly     the     great    j  W^j" ~— ^ _B 

mirror  was  always  made       |[^        — ~~---"Vii-j--_    j 

of  a  composition  of  cop-        ^^ 

per  and  tin  (two  parts  of 
copper    to    one    of    tin) 
known      as      "  speculum 
metaL"      At    present    it 
is  uEoaUy  made  of  glass 
tUvered  on  the  front  sur- 
face, by  a  chemical  pro- 
cess which   deposits    the  3 
metal  in  a  thin,  brilliaDt  ' 
film.      These     stlveron- 
glaas      reflectors,      when 
new,   reflect  much  more 
light  than  the  old  specula, 
but  the  film  does  not  retain  its  polish  so  long.     It  is,  however,  a  comparatively 
simple  matter  to  renew  the  film  when  necessary. 

The  lai^est  telescopes  ever  made  have  been  reflectors.  At  the  head  of  the 
list  stands  the  enormous  instrument  of  Ivord  Hosse,  constructed  in  1842,  with 
a  mirror  six  feet  in  diameter  and  sixty  feet  focal  length.  Next  iu  order 
comes  the  five-foot  silver-on  .glass  reflector  of  Mr.  Common'  (1889),  and 
another  of  the  same  size,  figured  by  Mr.  Rltchey,  and  recently  mounted 
at  the  Mount  Wilson  Solar  Observatory,  near  Pasadena,  California.  Then 
there  are  deveral  instruments  of  four  feet  aperture,  first  among  which  is 
the  great  telescope  of  the  elder  Herachel,  built  in  1789. 

49.  SelatiTs  Advanta^  of  Kef racton  and  Reflectors. — There  has 
been  a  good  deal  of  discussion  on  this  point,  and  each  construction  has  its 
partisans. 

In  favor  of  the  reflectors  we  may  mention,  — 

First    E<ae  of  comtruction  and  consequent  cheapness.    The  concave  mirror 

'  Acquired  and  mounted  by  Harvard  College  Observatory  iu  1905. 

Coot^lc 
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has  bat  one  anrface  to  Agate  and  poliah,  while  ui  object-glass  has  four. 
Moreover,  as  the  light  goes  through  an  object-glass,  it  is  evident  that  the 
glass  employed  must  be  perfectly  dear  and  of  uniform  deoaity  through  and 
through  ;  while  in  the  case  of  the  mirror,  the  light  does  not  penetrate  the 
material  at  all.  This  makes  it  vastly  easier  to  get  the  material  for  a  large 
mirror  than  for  a  large  lens. 

Second  (and  immediately  connected  with  the  preceding).  The  potgibilily 
of  making  refleclort  much  larger  Chan  refractori.  Lord  Bosse's  great  reflector 
is  six  feet  in  diameter,  while  the  Yerkes  telescope,  the  latest  refractor  in 
use,  is  only  forty  inches.      (It«  focal  length,  however,  is  aixty-five  foet.) 

Third.  Perfect  achromalitm.  This  is  unquestionably  a  very  great  ad- 
vantage, especially  in  photographic  and  spectroscopic  work. 

But,  on  the  whole,  the  advantages  are  generally  considered  to  lift  with 
the  refractors. 

In  their  favor  we  mention  :  — 

First  Great  euperiority  in  light.  No  mirror  (unless,  perh^is,  a  freshly 
palithtd  silver-ou-glass  film)  reflects  much 
more  than  three^uarters  of  the  incident 
light ;  while  a  good  (single)  lens  trans- 
mits  over  90  per  cent.  In  a  good  refrac- 
tor about  80  per  cent  of  the  light  reaches 
the  eye,  after  passing  through  the  four 
lenses  of  the  object-glass  and  eye-piece. 
In  a  Newtonian  reflector,  in  average 
condition,  the  percentage  seldom  exceeds 
50  per  cent,  and  more  frequently  is  lower 
than  higher. 

Second.  Better  definition.  —  Any  slight 
error  at  a  point  in  the  surface  of  a  glass 
lens,  whether  caused  by  faulty  workman- 
ship or  by  distortion,  affects  the  direction 
of  the  ray  passing  through  it  only  one-third  as  much  as  the  same  error  on 
the  surface  of  a  mirror  would  do. 

If,  for  instance,  in  Fig.  12,  an  element  of  the  surface  at  P  is  turned  oat 
of  its  proper  direction,  aa',  by  a  smalt  angle,  so  as  to  take  the  direction  it', 
then  the  reflected  ray  will  be  sent  to  /,  and  its  deviation  will  be  (icice  the 
angle  dPb.  But  since  the  index  of  refraction  of  glass  is  about  1.5  the 
change  in  the  direction  of  the  refracted  ray  from  R  to  r  will  only  be  about 
two-third*  of  aPb. 

Moreover,  so  far  as  distortions  are  concerned,  when  a  lens  bends  a  little 
by  its  own  weight,  both  sides  are  affected  in  a  nearly  compensatory  manner, 
while  in  a  mirror  there  is  no  such  compensation.  As  a  consequence,  mirrors 
very  seldom  indeed  give  any  such  definition  as  lenses  do.  The  least  fault 
of  workmanship,  the  least  distortion  by  their  own  mei^'ht,  the  slightest  dif- 
ference of  temperature,  between  front  and  back,  wiU  absolutely  ruin  the 
image,  while  a  lens  would  be  but  slightly  affected  in  its  performance  by  the 
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Third.  PemtoMnee.  The  lene,  once  made,  and  ttiAy  taken  care  dl, 
saffera  na  deterioratioD  fram  age  j  but  the  metallia  speculam  or  the  silver 
film  BOOD  tamiahes,  and  must  be  repoliahed  every  few  years.  This  alone 
IB  decisive  in  most  oases,  and  relagatea  the  reflector  mainly  to  the  nsa  of 
those  who  are  themselves  able  to  construct  their  own  instramentA. 

To  these  considerations  we  may  add  that  a  refractor,  though  more  expen- 
sive than  ft  reflector  of  similar  power,  is  not  only  more  permanent,  and  less 
Bkely  to  have  Its  performance  aSect«d  by  accidents  circumstances,  but  is 
Hghter  and  more  conrenient  to  use. 

ytm.  Time-Keepen  and  Timfr'Seoorden. —  The  Clock,  Chnmometer, 
and  Chronograph.  —  Modem  practical  astronomy  owes  its  develop- 
ment OB  macb  to  the  clock  and  chroDometer  as  to  the  telescope.  The 
ftDcIentt)  possessed  no  accurate  instnimentfi  for  the  measurement  of 
time,  and  antU  within  200  years,  the  only  reasonably  precise  method 
of  fixing  &e  time  of  an  Important  observation,  as,  for  instance,  of 
ao  eclipse*  was  by  noting  the  altitude  of  the  sun,  or  of  some  known 
star  ftt  or  veiy  near  the  moment. 

It  is  tme  that  the  Arabian  astronomer  Ibn  Jonnla  had  made  some 
DM  of  tlie  pendulnm  aboat  the  year  1000  a.d.,  more  than  500  years 
befbre  Galileo  Introdnced  it  to  Europeans.  But  it  was  not  until 
Dearly  a  century  after  Galileo's  discovery  that  Hayghens  applied  it 
to  tbe  construction  of  docks  (in  1657). 

So  far  as  the  principles  of  construction  are  concerned,  there  is  no 
difference  between  an  astronomical  clock  and  any  other.  As  a  matter 
of  convenience,  however,  the  astronomical  clock  Is  almost  invariably 
made  to  beat  seconds  (rarely  half-seconds),  and  has  a  conspicuous 
second-hand,  while  the  hour-hand  makes  but  one  revolution  a  day, 
instead  of  two,  as  usual,  and  tiie  face  is  marked  for  twenty-four  boors 
instead  of  twelve.  Of  oonrse  It  is  constructed  with  extreme  care  in 
all  respects. 

The  Eicapement,  or  "ScapemerU,"  is  often  of  the  form  known  as  the  "  Graham 
Dead-beat";  but  it  is  also  frequently  one  of  the  numerous  "gravity "escape- 
ments which  have  been  invented  by  ingenious  mechanicians.  The  office  of 
the  escapement  is  to  be  "  unlocked  "  by  the  pendulum  at  each  vibration,  so 
u  to  permit  the  wheel-work  to  advance  one  step,  marking  a  second  (or  some- 
times  two  seconds),  upon  the  clock-face ;  while,  at  the  same  time,  the  escape- 
ment {^ves  tlie  pendulum  a  slight  impulse.  Just  equal  to  the  resistance  it  has 
suffered  in  performing  the  unlocking.  The  work  done  by  the  pendulum  in 
"unlocking"  the  train,  and  the  cotretponding  impuhe,  ought  to  he  perfectly 
eonttant,  in  spite  of  all  changes  in  the  condition  of  the  triun  of  wlieels;  and 
it  is  detinMe,  thongh  not  eMentiat,  that  this  work  should  be  as  $TnaU  as 
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01.  The  pendulum  Itaetf  Is  oBually  suspended  by  a  flat  spHng,  and 
great  pains  should  be  taken  to  have  the  support  extremelj  firm :  this 
is  often  neglected,  and  the  clock  then  c&nnot  perform  well. 

Compensation  for  Temperature.  —  In  order  to  keep  perfect  time, 
the  pendulum  must  be  a  "  compensatioa  pendulum"  ;  i.e.,  constructed 
in  such  a  nay  that  changes  of  temperature  will 
not  change  its  length. 

An  ancompensated  pendulum,  with  steel  rod, 
changes  its  daily  rate  about  one- third  of  a  second 
for  each  degree  of  temperature  (centigrade). 
A  wooden  pendulum  rod  is  much  less  affected 
by  temperature,  but  is  very  apt  to  be  disturbed 
by  changes  of  moisture. 

Graham's  mercurial  pendulum  (Fig.  13)  b  tlie 
one  most  commonly  used.  It  consists  simply  of  a 
jar  (usually  steel),  three  or  four  inches  in  diameter, 
and  about  eight  inches  high,  containing  forty  or  fif^ 
I  ,  pounds  of  mercury,  and  suspended  at  the  end  fd  a 
steel  rod.  When  the  temperature  rises,  the  rod 
lengthens  (which  would  make  the  clock  go  slower)  ; 
but,  at  the  same  time,  the  mercury  expands,  from 
the  bottom  upwards,  just  enongh  to  compensate. 
_^^  iw^M     '^'"'^   pendulum   will   perform  well   only  when   not 

k^l  D  ^M     exposed   to   rapid   changet   of  temperature.      Under 

1^1  I S    rapid  changes  the  compensation  lagi.     If,  for  in- 

■^1  I  ■    stance,  it  grows  warm  quickly,  the  rod  will  expand 

*^'  ^"^    before  the  mercury  does  j  so  that,  wkile  the  mercury  it 

'  groaing  warmer,  the  clock  will  run  slow,  though  after 

p,g  jg_  It  has  became  wann  the  rate  may  be  all  right 

OampenuUoa  PeDdaluou.        ^   compensation   pendulum,  constructed   on   the 
1.  Onlwni'i  Pendulum,    principle  of  the  old  gridiron  pendulum  of  Hairiatm, 
S,  zini>^teei  Penduiuni.     but  of  zinc  and  steel  instead  of  brass  and'  steel,  is 
now  much  used.    The  compensation  is  not  so  easily 
adjusted  as  in  the  mercurial  pendulum,  but  when  properly  made  the  mechan- 
ism acte  well,  and  bears  rapid  alterations  of  temperature  much  better  than 
the  mercurial  pendulum.     The  heavy  pendulum-bob,  a  lead  cylinder,  is  hung 
at  the  end  of  a  steel  rod,  which  is  suspended  from  the  top  of  a  zinc  tube, 
and  hangs  through  the  centre  of  it.    This  tube  is  itself  supported  al  the  bottom 
by  three  or  four  steel  rods  which  hang  from  a  piece  attached  to  the  pendu- 
Imn  spring.    The  standard  clock  at  Greenwich  has  a  pendolom  of  this  kind. 


52.    Effect  of  AtnuMpherio  Fresntre. — In   consequence  of    tiie 
buoyancy  of  the  air,  and  its  resistance  to  motion,  a  pendulum  swings 
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a  little  more  bIowI;  than  it  would  in  vacuo,  and  every  change  la  the 
density  of  the  air  affects  its  rate  more  or  less.  With  mercniial 
peDdulmna,  of  ordinary  conatruction,  the  "barometric  coefficient" 
as  it  is  called,  is  aboat  one-third  of  a  aecond  for  an  inch  of  the 
barometer;  i.e.,  an  increase  of  atmospheria  density  which  would 
raise  the  barometer  one  incli  would  make  tlie  clock  Jose  about  one- 
third  of  a  second  daily.  It  varies  considerably,  however,  mth  differ- 
ent penduluma. 

It  18  not  very  usual  to  take  any  notioe  of  this  slight  distnrbance ;  bat 
when  the  extremest  accuracy  of  time-keeping  is  wmed  at,  the  clock  is  either 
sealed  in  an  air-tight  case  from  which  the  air  is  partiallj  exhausted  (as  at 
Berlin),  or  else  some  special  mechanism,  controlled  by  a  barometer,  is  de- 
vised to  compensate  for  the  barometric  changes,  as  at  Greenwich.  In  the 
Greenwich  clock  a  magnet  is  raised  or  lowered  by  the  rise  or  fall  of  the 
mercury  in  a  barometer  attached  to  the  clock-case.  When  tbe  magnet  rises, 
it  approaches  a  bit  of  iron  two  or  three  inches  above  it,  fixed  to  tbe  bottom 
of  tbe  pendulum,  and  the  increase  of  attraction  accelerates  the  rate  just 
enough  to  balance  the  retardation  due  to  the  air's  increased  dendty  and 
viscoeity.    There  are  several  other  contrivances  for  the  same  purpose. 

/  63.  Error  and  Bate.  —  The  "  error"  or  "  correction  "  of  a  clock 
is  the  amount  that  must  be  added  to  the  indication  of  the  clock-face 
at  any  moment  in  order  to  give  the  true  time;  it  is,  therefore,  plus 
{+)  when  tbe  clock  is  shw,  and  minus  (— )when  it  is  fast.  The 
rate  of  a  clock  is  tbe  amount  of  its  daily  gain  or  loss;  plva  (+)  when 
the  clocli  is  losing.  Sometimea  the  hourly  rate  is  used,  but "  hourly  " 
is  tiien  always  specified. 

A  perfect  clock  is  one  that  has  a  constant  rate,  whether  that  rate 
be  large  or  small.  It  is  desirable,  for  convenience'  sake,  that  both 
error  and  rate  should  be  small ;  but  this  is  a  mere  matter  of  adjust- 
ment by  the  user  of  tbe  clock,  who  adjusts  the  error  by  setting  the 
hands,  and  the  rate  by  raising  or  lowering  tbe  pendulum-bob. 


The  final  adjustment  of  rate  Is  often  obtiuned  by  first  setting  the  pendu 
hmi-bob  so  that  the  clock  will  nm.  slow  a  second  or  two  daily,  and  then 
putting  on  the  top  of  the  bob  little  weights  of  a  gramme  or  two,  which  will 
accelerate  the  motion.  They  can  be  dropped  into  place  or  knocked  off  with- 
ont  atoi^ng  the  clock  or  perceptibly  disturbing  it. 

The  very  best  clocks  will  run  three  or  four  years  without  being  stopped 
for  eleaning,  and  will  retain  their  rate  without  a  change  of  more  than  one- 
fifth  of  a  second,  one  way  or  the  other,  during  the  whole  time.    But  this  is 
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exceptional  performance, 
liable  to  change  their  rat4 
Bomewbat  Irregularly. 

64.     The  Chraaometer.  — The  pendulum-clock  not  being  portable, 

it  ia  necessary  to  provide  time-keepera  that  are.  The  chronometer 
is  merely  a  carefully  made  watch,  with  a  balance  wheel  compensated 
to  run,  as  nearly  as  possible,  at  the  same  rate  in  different  tempera- 
tures, aiid  with  a  peculiar  escapement,  which,  though  nnsuited  to 
watches  exposed  to  ordinary  rough  usage,  gives  better  results  than 
any  other  when  treated  carefully. 


Fio.  M.  —  A  Chronograph  by  Warner  BOid  Svaaef. 

The  6oi-cAronom*ier  used  on  ship-board  is  usually  about  twice  the  diameter 
of  a  commou  pocliet  waUih,  and  is  mounted  on  gimbals,  so  as  to  keep  hori- 
Eontnl  at  all  times,  notwithBlanding  the  motion  of  the  vessel.  It  usually 
beala  half-seconds.  It  ia  not  possible  to  secure  in  the  chronrtnieter-balance 
as  perfect  a  temperature  correction  as  in  the  pendulum.    For  this  and  other 
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leosoDa  the  best  chronometers  cannot  qnit«  compete  vrith  the  best  clocks  in 
precision  of  time-keeping;  but  they  are  Buificiently  accurate  for  most  pur- 
poses, and  of  course  &re  vaatl;  more  conveuient  for  field  operations.  They 
are  Bimply  indispensable  &t  sea.  Never  turn  the  kands  of  a  chronometer 
backward. 

66.  Before  the  inrention  of  the  telegraph  it  was  customary  to 
Dote  time  merely  "  by  eye  and  ear."  The  observer,  keeping  his 
time-jiiece  near  him,  listened  to  the  clock-beats,  and  estimated  as 
closely  as  he  could,  in  seconds  and  tenths  of  seconds,  the  moment 
when  the  phenomenon  he  was  watching  occurred  —  the  moment,  for 
instance,  when  a  star  passed  across  a  wire  in  the  reticle  of  his  tele- 
scope. At  present  the  record  is  usually  made  by  simply  pressing 
a  "  key  "  in  the  hand  of  the  observer,  and  this,  by  a  telegraphic 
connection,  makes  a  mark  upon  a  strip  or  sheet  of  paper,  which  is 
moved  at  a  uniform  rate  by  clock-work,  and  graduated  by  seconds- 
signals  from  the  clock  or  chronometer. 

56.  Tbe  Chrosog^ph.  —  This  is  the  instrument  which  carries  the 
marking-pen  and  moves  the  paper  on  which  the  time-record  is  made. 


Flo.  IB.  —  Part  of  k  Gbronogrnpli  K«oord. 

The  paper  is  wrapped  upon  a  cylinder,  six  or  seven  inches  in  diameter, 
and  fifteen  or  sixteen  inches  long.  This  cylinder  is  made  to  revolve 
once  a  minute,  by  clock-work,  while  the  pen  rests  lightly  upon  the 
paper  and  is  slowly  drawn  along  by  a  screw-motion,  so  that  it  marks 
a  continuous  spiral.  The  pen  is  carried  on  the  armature  of  an  eleetro- 
m^net,  which  every  other  second  (or  aometimea  every  second)  re- 
ceives a  momentary  current  from  the  clock,  causing  it  to  make  a 
mark  like  those  which  break  the  lines  in  the  figure  annexed. 

The  beginning  of  a  new  minute  (the  60th  sec.)  is  indicated  either 
by  a  double  mark  as  shown,  or  by  the  omission  of  a  mark.  When 
the  observer  touches  his  key  he  also  sends  a  current  through  the 
mE^et,  and  thus  interpolates  a  mark  of  his  own  on  the  record,  as 
at  Jin  the  figure:  the  beginning  oi  iA\G  mark  is  the  instant  noted  — 
in  this  ease  54.9'.  Of  course  the  minutes  when  the  chronograph  was 
started  and  stopped  are  noted  by  the  observer  on  the  sheet,  and  so 
enable  him  to  identify  the  minutes  andseconds  all  through  the  record 
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Many  Emopeon  obserrafories  nse  ohronographs  in  which  the  Tecon)  Is 
made  npon  a  long  fillet  of  paper,  instead  of  a  sheet  on  a  <^linder.  He 
Instrument  is  lighter  and  cheaper  than  the  American  form,  bnt  much  leM 
oonvenieat. 

The  regulator  of  tba  dock-work  must  be  a  ■■  continuous  "  regulator,  work- 
ing continuously,  and  not  by  beats  like  a  clock-eecapement.  There  are 
various  forms,  most  of  which  are  centrifugal  governors,  acting  either  by 
friction  (like  the  one  in  the  figure)  or  by  the  resistance  of  the  air ;  or  else 
"spring-governors,"  in  which  the  motion  of  a  tnun,  with  a  pretty  heavy 
fly-wheel,  ia  slightly  checked  at  regular  intervals  by  a  pendulnm. 

07.  Clook-Break*.  — The  arrangements  by  which  the  clock  is  made  to 
send  regular  electric  signals  are  also  various.  One  of  the  earliest  and  simplest 
is  a  fine  platinum  wire  attached  to  the  pendulum,  which  swings  through  a 
drop  of  merciuy  at  each  vibration.  All  of  tbe  airangementa,  however,  in 
which  the  pendulum  itself  has  to  make  the  electric  contact  are  objectionable, 
and  for  clocks  u^ng  the  Graham  dead-beat  scaperaent  no  absolutely  aatia- 
factory  means  of  giving  the  signals  has  yet  been  devised.  Clocke  with  the 
gravity  escapements  have  a  decided  advantage  in  this  respect.  Thai  wheel- 
work  has  no  direct  action  in  driving  the  pendulum,  and  so  may  be  made  to 
do  any  reasonable  amount  of  outside  work  in  the  way  of  "key-manipula- 
tion" without  affecting  the  clock-rate  in  the  least.  Usually  a  wheel  on  the 
axis  of  the  scape-wheel  is  made  to  j^ve  the  electric  signals  by  touching  ft 
light  spring  with  one  of  Ita  t«eth  every  other  second. 

Chronometers  are  now  also  fitted  up  in  the  same  way,  to  be  need  with  the 
chronograph. 

The  signals  sent  ara  sometimes  "breaks"  in  a  oontinuous  current,  and 
sometimes  "  makes  "  in  an  open  circuit.  Usage  varies  in  this  respect,  and 
each  method  has  its  advantages.  The  break-«ircuit  system  is  a  little  simpler 
in  its  connections,  and  possibly  the  signals  are  a  little  more  sharp,  but  it 
involves  a  much  greater  consumption  of  battery  material,  as  the  current  ia 
always  circulating,  except  during  the  momentary  breaks. 

66.  Heridian  Obiervatioiu. — A  large  proportion  of  all  astronomi- 
cal obBervatioDB  are  made  at  the  time  when  the  heavenly  body 
observed  is  crossing  the  meridian,  or  very  Dear  it.  At  that  moment 
the  effects  of  refraction  and  parallax  (to  be  discussed  hereafter)  are 
a  minimum,  and  as  they  act  only  in  a  vertical  plane,  they  do  not  have 
any  influence  on  the  time  at  which  the  body  crosses  the  meridian. 

09.  The  Tnuuit  Imtnuneiit  is  the  instrument  used,  in  connection 
with  a  clock  or  chronometer,  and  often  with  a  chronograph  also,  to 
observe  the  time  of  a  star's  "  transit"  across  the  meridian. 

If  the  error  of  the  (sidereal)  clock  is  known  at  the  moment,  this 
obaervatloii  will  determine  the  right  ascension  of  the  bod;,  which,  It 
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will  be  remembered,  is  simply  (Ae  sidereal  time  at  tokich  it  crosses  the 
mei-idian;  i.e.,  the  Dumber  of  hours,  minutes,  and  secondB  by  which  it 
follows  tlie  vernal  equinox. 

Vice  versa,  if  the  I'ight  ascensioD  is  known,  the  error  or  correction 
of  the  clock  win  be  determined. 

The  instrument  (Fig.  16)  consists  essentially  of  a  telescope  monated 
upon  a  stiff  axis  perpendicular  to  the  telescope  tube.  This  axis  is 
placed  horizontal,  east  and  west,  and  turns  on  pivots  at  its  extremi- 
ties, ill  Y-bearings  upon  the  top  of  two  fixed  piers  or  pillars.    A 


Fio.  18.  — TbeT 


small  graduated  circle  is  attached,  to  facilitate  "setting"  the  telescope 
tt  any  designated  altitude  or  declination. 

The  telescope  carries  at  the  eye-end.  In  the  foc^  plane  of  the 
object-glass,  a  reticle  of  some  odd  number  of  vertical  wires, — five 
or  more,  —  one  of  which  is  always  in  the  centre,  and  the  others 
are  usually  placed  at  equal  distances  on  each  side  of  it.  One  or 
two  wires  also  cross  the  field  horizontally. 

If  the  pivots  are  true,  and  the  instrument  accurately  adjusted,  it 
is  evident  that  the  central  verticai  wire  will  always  foUoto  the  meridian 
M  the  instrument  is  turned;  and  the  instant  when  a  star  crosses  this 
wire  will  be  the  true  moment  of  the  star's  meridian  tmnslt.    The 
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object  ID  hartog  a  number  of  wires  is,  of  course,  aimply  to  gain 
accuracy  by'taking  the  mean  of  a  number  of  observations  Instead  of 
depending  upon  a  single  one. 

In  order  to  '*fetwi"  the  axis  properly,  a  delicate  eptrit-leval  is  an 
essential  adjunct;  it  is  usual,  also,  (and  important)  to  provide  a  con- 
venient ^^  reversing  apparatus,"  by  which  the  instrument  can  be 
turned  balf  round,  making  the  eastern  and 
western  pivots  change  places. 

The  instrument  must  be  thoroughly  stiff 
and  rigid,  without  loose  joints  or  shaky 
screws ;  and  the  two  pivots  must  be  accu- 
rately round,  precisely  in  line  with  eadi  other, 
free  from  taper,  and  precisely  of  (he  same 
size;  all  of  which  conditions  maybe  summed 
np  by  saying  that  they  m.wa(  fie  portions  of 
one  and  the  tame  geometrical  cylinder. 

The  proper  construction  and  grinding  of 
these  pivots,  which  are  usually  of  hard  bell  metal  (aoraetimea  of  ste«l), 
taxes  the  art  of  %h»  moat  skilful  mechanician.  The  level,  also,  is  a  delicato 
instrument,  and  difficult  to  construct. 

Provision  is  made,  of  course,  for  illuminating  the  field  of  view  at  night 
BO  as  to  make  the  reticle  wires  visible.  Usually  one  (or  both)  of  the  pivota 
is  pierced,  and  a,  lamp  throws  light  through  the  opening  upon  a  small  mirror 
in  the  centre  of  the  tube,  which  reflects  it  down  upon  the  reticle. 

The  T's  are  used  instead  of  round  bearings,  in  order  to  prevent  any 
rolling  or  ihakt  of  the  pivots  as  the  instrument  turns. 

Fig.  18  shows  a  modem  transit  instrument  (portable)  as  actually  con- 
structed by  Fauth  &  Co. 

Another  form  of  the  instrument  is  mncb  used,  which  is  oft«D 
designated  as  the  "  Broken  Transit."  A  reflector  in  the  central  cube 
throws  the  rays  coming  from  the  object-glass,  out  at  right  angles 
through  one  end  of  the  axis,  where  the  eye-piece  is  placed  ;  so  that 
the  observer  does  not  have  to  change  bis  position  at  all  for  differ- 
ent stars,  but  simply  looks  straight  forward  horizontally.  It  is  very 
convenient  and  rapid  in  actual  work,  but  the  observations  require  a 
considerable  correction  for  flexure  of  the  axis. 

60.  Adjugtment$.  —  (1)  Focus  and  verticalityof  wires.  -  (2)  Collimation. 
(3)  Level.     (4)  Aiimuth. 

First.  The  first  thing  to  do  after  the  instrument  is  set  on  its  supports  and 
the  axis  roughly  levelled,  is  to  adjust  the  reticle.     The  eye-piece  is  drawn  Ottt 
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Fio.  IS.— A3-[iH)h  TtmuK,  witli  reveniug  spparBtui.    Faulb  &Cu. 

or  pushed  in  until  the  wires  t^pear  perfectly  sharp,  and  then  the  instrument 
is  directed  to  a  star  or  to  some  distant  object  (not  less  than  a  mile  away), 
■nd  without  disturbing  the  eye-piece,  the  sUding-tube,  whictk  carries  the 
reticle,  is  drawn  out  or  pushed  in  until  the  object  is  also  distinct  at  the 
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same  time  with  the  wirea.  If  this  adJaBtment  is  correctly  made,  motkiii  oi 
the  eye  in  front  oE  the  eye-piece  will  not  produce  any  apparent  displacement 
of  the  object  in  the  field,  with  reference  to  the  wires.  To  test  the  verticality 
of  the  wires,  the  telescope  is  moved  up  and  down  a  little,  while  looking  at  the 
object ;  if  the  axis  is  level  and  the  wires  vertical,  the  wire  will  not  move  off 
from  the  object  sideways.  There  are  screws  provided  to  turn  the  reticle  a 
little,  so  as  to  effect  this  adjustment. 

When  the  wires  have  been  thus  adjusted  for  focus  and  verticality,  the 
reticle-slide  should  be  lightly  damped  and  never  disturbed  again.  The  eye- 
piece can  be  moved  in  and  out  at  pleasure,  to  secure  distinct  vision  for  differ- 
ent eyes,  but  it  is  emeatial  that  the  dutance  helween  the  object-glass  and  the 
reticle  remain  comlant. 

Second.  Collimation.  The  line  joining  the  optical  centre  of  the  object- 
glass  with  the  middle  wire  of  the  reticle  is  called  the  "  line  of  colltmalum," 
aud  this  line  must  be  made  exactly  perpendicular  to  the  axis  of  rotation 
by  moving  the  reticle  slightly  to  one  side  or  the  other  by  means  of  the 
adjusting  screws  provided  for  the  purpose.  The  simplest  way  of  effect- 
ing  the  adjustment  b  to  point  the  instrument  on  some  well-defined  dis- 
tant object,  lite  a  nail-head  or  a  joint  in  brickwork,  and  then  carefully 
to  "  reverse  "  the  instrument  without  disturbing  the  stand.  If  the  middlo 
wire,  after  reversal,  points  just  as  it  did  before,  the  "collimation"  is  correct; 
if  not,  the  middle  wire  must  be  moved  half  way  towards  the  object  by  the 
screws. 

Collimator.  —  It  is  not  always  easy  to  find  &  distant  object  on  which  to 
make  this  adjustment,  and  a  "coUimnfor"  maybe  substituted  with  advantage. 
This  is  simply  a  telescope  mounted  horizontally  on  a  pier  in  front  of  the 
transit  instrument,  eo  that  when  the  transit  telescope  is  horizontal,  It  can 
look  straight  into  the  collimator,  which  ought  to  be  of  about  the  same  size 
as  the  transit  itself. 

In  the  focus  of  the  collimator  object-glass  are  placed  two  wires  forming 
an  X,  and  thus  placed  they  can  be  seen  by  a  telescope  looking  into  the  colli- 
mator just  as  distinctly  as  if  tliey  weie  at  an  infinit*  distance  and  really  celes- 
tial objects.  Tlie  instrument  furnishes  us  a  mark  optically  celestial,  but 
mechanieallff  within  reach  of  our  finger-ends  for  illumination,  adjustment, 
etc.  If  the  pier  on  which  it  is  niounted  is  firm,  the  collimator  cross  is  in  oil 
respects  as  good  as  a  star,  and  much  more  convenient. 

Third.  Level.  The  adjustment  for  lewl  is  made  by  setting  a  striding 
level  on  the  pivots  of  the  axis,  reading  the  level,  then  reversing  the  level 
(not  the  transit)  and  reading  it  again.  If  the  pivots  are  round  and  of  tlie 
same  size,  the  difference  between  the  level-readings  direct  and  reversed  will 
indicate  the  amount  by  which  one  pivot  is  higher  than  the  other.  One  of 
the  Y's  is  made  so  that  it  can  be  raised  and  lowered  slightly  by  means  of  a 
screw,  and  thb  gives  the  means  of  making  the  axis  horizontal.  If  the 
pivots  are  not  of  the  same  size  (and  they  never  are  absolutely),  the  astrononwr 
must  determine  and  allow  for  the  difference. 
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FoDith.  AziTaulh.  til  order  that  the  instrument  may  indicate  the  meridiaD 
truly,  its  axis  must  lie  exactly  east  and  west;  i.e.,  its  cumuth  must  be  S0°. 
This  adjustment  must  be  made  by  means  of  observations  upon  the  stars,  and 
b  an  excellent  example  of  the  method  of  successive  approximations,  which 
is  BO  characteriatio  of  astronoDUcail  investigation,  (u)  After  adjusting  care- 
fully the  focna  and  coUimation  of  the  instrument,  we  set  it  north  and  south 
bg  guem,  and  level  it  as  precisely  as  possible.  By  looking  at  the  pole  star, 
and  remembering  how  the  pole  itself  lies  with  reference  to  it,  one  can  easily 
set  the  instmraent  jirtffy  nearly;  i.e^  within  h^f  a  degree  or  so.  The  middle 
wire  wiU  now  describe  in  the  sky  a  vertical  circle,  which  crosses  the  meridian 
at  the  zenith,  and  lies  very  near  the  meridian  for  a  considerable  distance 
each  side  of  the  zenith. 

(6)  We  must  nest  get  an  "approximate"  time;  i.e.,  set  our  clock  or 
chronomet«r  nearly  right.  To  do  this,  we  select  from  the  list  of  several 
hundred  stars  in  the  N'autical  Almanac  (which  is  to  be  regarded  in  about 
the  eame  light  with  the  clock  and  the  spirit  level,  as  an  indispensable  accesaory 
to  the  transit)  a  star  which  is  about  to  cross  the  meridian  near  the  tenilh. 
The  difference  between  the  right  ascension  of  the  star  as  given  In  Qm 
Almanac,  and  the  time  shown  by  the  clock-face,  will  be  very  nearly  tha 
error  of  the  clock  at  tha  time  of  the  observation  :  not  exactly,  unless  the  dec- 
lination of  the  star  is  such  that  it  passes  exactly  through  the  zenith,  but 
very  nearly,  since  the  star  crosses  the  meridian  near  the  zenith.  We  now 
have  the  time  within  a  second  or  two. 

(e)  Next  turn  down  the  t«Ie8cope  upon  some  Almanac  star,  which  is 
soon  to  cross  the  meridian  within  10°  of  the  pole.  It  will  appear  to  move 
very  slowly.  A  little  before  the  time  it  should  reach  tlie  meridian,  move  the 
whole  frame  of  the  instrument  nntil  the  middle  wire  points  upon  it,  and 
then,  by  means  of  the  "  Azimuth  Screw,"  which  gives  a  slight  horizontal 
motion  to  one  of  the  Y's,  follow  the  ttar  until  the  indicated  moment  of  its  Iran- 
til ;  t .«.,  until  the  clock  (corrected  for  clock  error)  shows  on  its  face  the  star's 
right  ascension.  If  the  clock  correction  had  been  known  with  absolute  exact- 
ness, the  instrument  would  now  be  truly  'w,  the  meridian :  as  the  clock  error, 
however,  b  only  approximate,  the  instrument  will  only  be  approximately  in 
the  meridian;  hut — and  this  is  the  essential  point — it  will  be  very  mvdt 
more  nearly  $0  than  at  the  beginning  of  the  operation.  The  supposed  incor- 
rectness, amounting  perhaps  to  one  or  two  seconds,  in  the  time  at  which  the 
instrument  was  set  on  the  circumpolar  star  will,  on  account  of  the  slew  mo- 
tion of  the  star,  make  almost  no  perceptible  difference  in  the  direction  given 
to  tJie  axis. 

A  repetition  of  the  operation  may  possibly  be  needed  to  secure  all  the 
desired  precision.  The  accuracy  of  this  azimuth  adjustment  can  then  be 
verified  by  three  successive  "  culminations  "  or  transits  of  the  pole  star,  or 
any  other  circumpolar.  The  interval  occupied  in  passing  from  the  upper  to 
the  lower  culmination  on  the  west  side  of  the  meridian  ought,  of  course, 
to  be  exactly  equal  to  tha  time  on  the  eastern  ude ;  ie^  twelve  sidereal 
hoim. 
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61.  Theflnal  test  of  aS  the  adjnatments,  and  of  the  accurate  going 
of  the  clock,  is  obtained  by  observing  a  anmber  of  Almanac  etars  of 
widely  different  declinatioQ.  If  they  all  indicate  identicaUy  the  same 
clock  ootTcctJoa,  the  instrument  is  in  adjustment ;  if  not,  and  if  the 
difFerencea  are  not  very  great,  it  b  possible  to  deduce  from  the 
observationa  themselves  the  true  clock  error,  and  the  adjustment 
errors  of  the  instrument 

It  b  to  be  added,  in  this  otmneotion,  that  the  astronomer  can  never  asBnine 
that  adfuitments  are  ptrfiet  i  even  if  once  perfect,  they  would  not  stay  bo,  on 
accouDt  of  changes  of  temperature  and  other  causes.  Nor  are  observations 
ever  alisolutely  accurate.  The  problem  is,  from  observations  mare  or  leaa 
inacevrate  but  ionegt,  with  inatrumeuts  more  or  less  maladjusted  bat  JSrm,  to 
find  tiie  result  that  would  have  been  obtained  by  a  perfect  oliservation  with 
a  perfect  and  perfectly  adjusted  instrument.  It  can  be  more  nearly  done 
than  one  might  suppose.  But  the  discussion  of  the  subject  belongs  to 
Practical  Astronomy,  and  cannot  be  entered  into  here. 

62.  Prime  Vertical  Inatnunent.— For  certain  purposes,  a  Transit 
Instrument,  provided  with  an  apparatus  for  rapid  reversal,  is  turned 
qaarter-way  round  and  mounted  with  the  axis  north  and  aoiith,  so 
that  the  plane  of  rotation  lies  east  and  toeat,  instead  of  in  the  meri- 
dian.    It  is  then  called  a  Prime  Vertical  Transit. 

63.  TheHeridiaaCirde.— In 
order  to  determine  the  Dedina- 
tion  or  Polar  Distance  of  an 
object,  it  is  necessary  to  have 
some  instrument  for  measaring 
angles ;  mere  tune-observalions 
will  not  suffice.  The  instrument 
most  used  for  this  purpose  is  the 
Meridian  Cirde,  or  Transit  Oir- 
de,  which  is  simply  a  transit  in- 
etrument,  with  a  graduated  circle 
attached  to  its  axis,  and  revolv- 
ing with  the  telescope.  Some- 
times there  are  two  circles,  one 
"  at  each  end  of  the  axis. 

Fig.  19  represents  the  Instru- 
ment '*  schematically,"  showing  merely  the  essential  parts.  Fig.  20 
is  a  meridian  circle,  with  a  4-inch  telescope,  constructed  by  Fauth 
&Co. 
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4,  B,  C,  D,  the  Rudlng  HIcroao^K*. 
tr,theOr»dii«ied  Circle. 
H.IIieKiiugtily  Gnuluuti^l  SelUng  Uln 
'.  Ill'  lnilei  Mioroscopr.    Tbli  i>  iiiual 
placed  twUwq  betweeu  A  and  O. 


F,  tbe  Clamp.     G.  tha  Tftnupnt  Screw. 
Lh,  the  Levf],  placed  lu  poflition  only  oc 
J/,  the  KIghl  ABceueion  Mlcronieu-r. 
WW,  CounterpolBca,  wlilvh  lak«  pun  of 
of  the  InatTUineut  off  frain  the  V*. 


D.gitizect.yG00glc 


ASTRONOMIOAL  lySTRUMEyTS. 


In  observatory  iiistruments  the  circle  is  usually  from  two  to  four  feet  in 
diameter;  larger  circles  were  once  used,  but  it  is  found  that  their  weight, 
uid  the  consequent  strains  and  flexures,  render  them  actually  lesa  accurate 
than  the  smaUer  oues.  The  utmost  resources  of  mechanical  art  are  ez- 
hauated  in  making  the  graduation  as  precise  as  possible  and  in  providing  for 
its  accurate  reading,  as  well  as  in  securing  the  maximum  firmness  and  sta- 
bility of  every  part  of  the  instrument  The  actual  divisions  are  usually 
5'  apart  (in  very  large  instruments  sometimes  only  y),  but  the  circle  is 
"  read  "  to  seconds  and  tenths  of  seconds  of  arc  by  means  of  reading  micro- 
teopei,  from  two  to  six  in  number,  fixed  to  the  pier  of  the  instrument.  In  a 
circle  of  forty  inches  diamet«r,  1"  is  a  little  less  than  Ynivs  °^  ^°  inch, 
(iii}!ti  iiicb),  so  that  the  necessity  of  fine  workmanship  is  obvious. 

64.  The  Seodin^  Xioroaoope  (Fig.  21). — Ttiis  consists  essen- 
tially of  a  compound  microscope,  which  forms  n  magnified  imgge  of 
the  graduation  at  the  focus  of  its  object-glass,  where  this  image  is 
viewed  by  a  positive  eye-piece.  At  the 
place  where  the  image  is  formed  a  pair  of 
'  parallel  epider-Iinea  or  a  cross  is  placed, 
I  movable  In  the  plane  of  the  image  by  a 
I  "micrometer  screw";  i.e.,  a  fine  screw 
with  a  graduated  head,  nsually  divided  Into 
sixty  parts.  One  revolution  of  the  screw 
carries  the  wire  1'  of  arc,  which  makes 
one  division  of  the  screw-head  1",  Qia 
tenths  of  seconds  being  estimated. 

Th«    adjustment   of    the    mioroscope    for 
"runs,"  as  It  la  called  (that  Is,  to  make  one 

m  revolution  of  the  micrometer  screw  exactly 
A  equal  to  1'),  is  effected  aa  follows.    By  Betting 
the  wires  first  on  one  of  the  graduation  marks 

i        iJi^bofdnit      "?  visible  in  the  field  of  view,  and  then  on  the 

ti«.M.— TheRe«!lng  MicruKopB.  next  mark,  it  ia  immediately  evident  whether 
five  revolutions  of  the  screw  "run"  over  or 
fall  short  of  G'  of  the  graduation.  If  they  ocerrun,  it  shows  that  the  image 
of  the  graduation  formed  by  the  microscope  objective  is  too  small  to  fit  the 
screw,  and  vlce-veraa.  Now,  by  simply  increasing  or  decieasing  the  distance 
AB  between  the  objective  and  the  micrometer  box,  the  size  of  the  image 
can  be  altered  at  will,  and  the  objective  is  therefore  so  mounted  that  thia 
can  he  done.  Of  course,  every  chanRe  tn  the  length  of  the  microscope  tube 
will  also  require  a  readjustment  of  the  distance  between  the  "limb,"  or 
graduated  surface,  of  the  circle  and  the  microscope,  in  order  to  secure  dbtinct 
vision ;  but  hy  a  few  trials  the  adjustment  is  easily  made  sufficiently  preciao 
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The  reading  of  the  circle  U  as  follows :  Ad  extra  index-microscope, 
with  low  power  and  large  field  of  view,  shows  bj-  inspection  the  de- 
grees and  minutes.  The  reading-microscopes  are  only  used  to  give 
the  odd  seconds,  which  is  done  bj  turning  the  screw  until  tlie  parallel 
spider-linea  are  made  to  include  one  of  the  graduation  lines  half-way 
between  themselves ;  the  head  of  the  screw  then  shows  directly  the 
seconds  and  tenths,  to  be  added  to  the  degrees  and  minutes  shown 
by  the  index.  Thus  in  Fig.  22,  the  reading  of  the  microscope  is 
3'  22".l,  the  3'  being  given  by  the  acute  in  the  field,  the  22".l  by  the 
screw-head. 


66.  Method  of  observinga  Btar. — A  minute  ortwo  before  the  stai 
reaches  the  meridian  the  instrument  is  approximately  pointed,  so  that 
the  star  will  come  into  the  field  of  view.  As  soon  as  it  makes  its 
appeai-ance,  the  instrument 
is  moved  by  the  slow-mo- 
tion tangent-screw  until 
the  star  is  "bisected"  by 
the  fixed  hoi-izontat  wire 
of  the  reticle,  and  the 
star  is  kept  bisected  until 
it  reaches  the  middle  ver- 
tical wire  which  marks  the  • 
meridian.  The  microscopes  are  then  read,  and  their  mean  result  is 
the  star's  "  circle-reading." 


Frequently  the  star  is  bisected,  not  by  moving  the  whole  instrument,  but 
tiy  means  of  a  "  micrometer  wire,"  wliicli  moves  up  and  down  in  tlie  field  of 
view.  The  micrometer  reading  then  has  to  be  combined  with  the  reading 
of  the  microscope,  to  get  the  true  circle-reading. 

66.  Zero  Fointa.  —  In  determining  the  declination  or  meridian 
altitude  of  a  star  by  means  of  its  circle-reading,  it  is  necessary  to 
know  the  "zero  point"  of  the  circle.  For  declinations,  the  "zero 
point"  is  either  the  polar  or  the  equatorial  reading  of  the  circle ;  i.e., 
the  reading  of  the  circle  when  the  telescope  is  pointed  at  the  pole 
or  at  the  equator. 

The  ^^polar point"  may  be  found  by  observing  some  circumpolar 
star  above  the  pole,  and  again,  twelve  hours  later,  below  it.  When 
the  two  circle- readings  have  been  duly  corrected  for  refraction  and 
iiatnimental  errors,  their  mean  will  be  the  polar  point 
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Suppose,  for  instance,  that  S  Uran  Minorui,  at  the  "  upper  cnhninatioii,'' 
gives  a  corrected  reading  of  53^  18*  25".3,  while  at  the  lower  culminatioa  tlis 
reading  is  45"  31'  35".7,  then  the  mean  of  these,  48»  55*  00".5,  is  the  polw 
point,  and  of  concse  the  equatorial  reading  is  138°  57  OCK'.S,  —  just  90*^ 
greater.  The  polar  ditlance  of  the  Btor  wonld  be  the  half-diff'erenet  of  the 
two  readings,  or  8*  23'  24"  .8. 

67.  Hadlr  Point.  — The  determination  of  the  polar  point  requires 
two  obeerrations  of  the  same  star  at  an  interval  of  tweire  hours.  It  is 
often  difflcult  to  obtain  auch  a  pair ;  moreover,  the  refraction  compli- 
cates tbe  matter,  and  readers  the  result  less  trustworthy.  Accord- 
ing!; it  is  now  usual  to  use  the  nadir  or  the  horizontal  reading  as  the 
zero,  rather  than  the  polar  point. 

The  nadir  point  is  determined  by  pointing  tbe  telescope  down- 
wards to  a  basin  of  mercury,  moving  tbe  telescope  until  the  image 
of  the  horizontal  wire  of  the  reticle,  as  seen  by  reflection,  coincides 
with  the  wire  itself.  Since  tbe  reticle  is  exactly  in  the  principal 
focus  of  the  object-glass,  rays  of  ligbt  emitted  by  any  point  in  tie 
reticle  will  become  a  parallel  beam  after  passing  the  lens,  and  if  this 
beam  strikes  a  plane  mirror  perpendicularly  and 
is  returned,  the  rays  will  come  just  as  if  from  a 
real  object  in  tbe  sky,  and  will  form  an  image 
'  at  the  focal  plane.  When,  therefore,  the  image 
of  tbe  central  wire  of  the  reticle,  seen  in  tiie 
mercury  basin  by  reflection,  coincides  with  the 
wire  itself,  we  know  that  the  line  of  coUimation 
must  be  exactly  perpendicular  to  the  surface  of 
■  the  mercury;  i.e.,  vertical. 

To  make  the  imt^  visible  it  is  necwsary  to  illuminate  the  reticle  by  light 
thrown  lotcards  the  object^lass  from  behind  the  wires,  instead  of  light 

coming  from  the  object-glass  towards  the  eye  oa  uaual.  This  peculiar  illn> 
mination  is  commonly  effected  by  means  of  Bohnenberger's  "collimatang 
eye-piece,"  siiown  in  Fig.  23.  In  the  simplest  form  it  is  merely  a  common 
Ramsden  eye-pioce,  with  a  bole  in  one  side,  and  a  thin  glass  plate  inserted 
at  an  angle  of  45°.  A  light  from  one  side,  entering  through  the  hole,  will  b» 
(partially)  reflected  towards  tbe  wires,  and  will  illuminate  tbem  sufficiently. 
The  horiionlal  point  of  course  differs  juat  90°  from  the  nadir  point.  It 
may  also  be  found  independently  by  noting  the  circle-readings  of  some  star 
observed  one  night  directly,  and  the  neit  niglit  by  reflection  in  mercury;  or, 
if  the  star  is  a  close  ciroumpolar,  both  observations  may  be  made  the  same 
evening,  one  a  few  minutes  before  its  meridian  passage,  the  other  just  as 
long  after.  But  the  method  of  the  collimating  eye-piece  is  fully  as  accDral« 
and  vastly  more  convenient. 


IS  CDlllmiitlnK  Eya.Plece. 
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68.  IHff  emitial  TTm  of  the  Ztutninient. — We  now  know  the  pUow  of 
•ererftl  bundled  stan  with  so  much  pracuion  that  in  many  casaa  it  is  quite 
sufficient  to  obseire  one  or  two  of  these  "  etandard  itart "  in  connection  with 
the  bodies  whose  plttcee  we  wish  to  determine.  The  difference  between  the 
declination  of  the  known  star  and  that  of  any  star  whose  place  is  to  be 
determined,  will,  of  course,  be  simply  the  difieranoe  of  their  circle-readings, 
corrected  for  refraction,  etc.  The  meridian  circle  is  said  to  be  used  "differ- 
mliaUy  "  when  thus  treated. 

69.  Erran  of  Oradnatioa,  etc.  —  If  the  circle  is  from  a  reputable 
maker,  and  has  foar  or  six  microscopes,  and  if  the  obaervations  are 
carefully  made  and  all  the  microscopes  read  each  time,  reaalts  of 
sufQcient  precisioQ  for  most  purposea  maj  be  obtained  by  merely 
correcting  the  observatioas  for  "  runs  "  and  refraction.  The  out^ 
standing  errors  ought  not  to  exceed  a  second  or  two.  But  when  the 
tenths  of  a  second  are  in  question,  the  case  is  different.  It  will  not 
then  do  for  the  astronomer  to  assume  the  accuracy  of  the  graduation 
of  his  circle,  bat  he  must  investigate  the  errori  of  it»  divisioru,  the 
errors  of  the  mtcromeier  acmoa  in  the  microscopes,  th&Jkxare  of  the 
telescope,  and  the  effect  of  differences  of  temperature  in  ahiftiiig 
the  zero  points  of  the  circle,  by  slightly  disturbing  the  position  or 
direction  of  the  microscopes.  Of  course  this  is  not  the  place  to 
enter  into  such  details,  but  it  is  an  opportunity  to  impress  again  upon 
the  student  the  fact  that  truth  and  accuracy  are  only  attainable  by 
immense  pwnetaking  and  labor. 

70.  Xnral  Circle.  —  This  instrument  is  in  principle  the  same  as  the 
meridian  circle,  which  has  superseded  it.  It  coDsista  of  a  circle,  carrying  a 
telescope  mounted  on  the  face  of  a.  toall  of  masonry  (as  its  name  implies} 
and  free  to  revolve  in  the  plane  of  the  meridian.  The  wall  furnishes  a  con- 
Tcniant  support  for  the  microscopes. 

71.  Altitode  and  Aiimntk,  or  VniTsnal,  lottnuiirat  —  Since  the 
transit  instrument  and  meridian  circle  are  confined  to  the  plane  of 
the  meridian,  their  uaefulness  is  obviously  limited.  Meridian  ob- 
servations are  better  and  more  easily  used  than  any  others,  but  are 
not  always  attainable.  We  must  therefore  have  instniments  irhich 
will  follow  an  object  to  any  part  of  the  heavens. 

The  aUitude  and  cudmuth  instrument  is  simply  a  surveyor's  theodo- 
lite on  a  large  scale.  It  has  a  horizontal  circle  turning  upon  a  verti- 
cdt  axis,  and  read  by  verniers  or  microscopes.  Upon  this  circle,  and 
turning  with  it,  are  supports  which  carry  the  horizonttU  axis  of  the 
teleaoope  with  its  vertical  circle,  also  read  by  microscopes.    Obrl- 
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oiisly  the  readings  of  tbese  two  circlee,  when  the  inBtruineiit  is  prop- 
erly adjuBted  aod  the  zero  points  determined,  will  give  the  altitude 


Kio.  24.  —  AlUtude  imd  Ailmuth  loilrumenL. 

and  azirautli  of  the  body  poiuted  on.     Fig.  24  represents  a  small  Id 
.   Btrament  of  this  kiud. 
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7S.  The  Equatorial. — The  essential  cLaracteristic  of  thU  iostrument 
is  that  its  prinuipal  axis,  i.e.,  the  axis  which  rests  in  Jixed  bearings, 
instead  of  being  either  horizontal  or  vertical,  is  inclined  at  an  angle 
equal  to  the  latitude  of  the  place,  and  directed  towards  the  pole,  thus 
placing  it  parallel  to  the  earth's  axis  of  rotation.  This  axis  of  the 
instrument  is  called  its  polar  axis;  and  the  graduated  circle  which  it 
carries,  and  which  is  parallel  to  the  celes- 
tial equator,  is  called  the  houT-cirde,  be- 
cause its  reading  gives  the  hour-angle  of 
the  body  upon  which  the  telescope  hap- 
pens to  be  pointed.  Sometimes,  also,  it  is 
called  the  Right  Ascension  Circle.  Upon 
this  polar-axis  are  secured  the  bearings 
of  the  dedination  axis,  which  is  perpen- 
dicular to  the  polar  axis,  and  carries  the 
telescope  itself  and  the  declination  circle. 

In  the  instruments  before  described,  the 
telescope  is  a  mere  pointer,  and  wholly 
subsidiary  to  the  circles  ;  in  the  equatorial 
the  telescope  is  usually  the  main  thing, 
and  the  circles  are  subordinate,  serving 
only  to  aid  the  observer  In  finding  or  '"" '•i'^""""  locnommHoj. 
identifying  the  body  upon  which  the  telescope  is  directed. 

Fig.  25  exhibits  schematically  the  oi'dinary  form  of  equatorial 
mounting,  of  which  there  are  numerous  modiltcatioas.  Fig  36  is  the 
23-incb  Clark  telescope  at  Princeton,  and  Fig.  27  is  the  4-foot 
Melbourne  reflector.  The  frontispiece  is  the  great  Lick  telescope 
of  thirty-six  inches  diameter. 

The  advantages  of  the  equatorial  mounting  for  a  lai^e  telescope 
are  very  great  as  regards  convenience.  In  the  first  place,  when  the 
telescope  is  once  pointed  upon  a  star  or  planet,  it  is  onlj'  necessary 
to  turn  the  polar  axis  with  a  uniform  motion  in  order  to  "  follow  "  the 
star,  which  otherwise  would  be  carried  out  of  the  field  of  view  in  a 
tew  moments  by  the  diurnal  motion.  This  motion,  since  it  Is  uni- 
form, can  be,  and  in  all  large  instruments  usually  is,  given  by  clock- 
work, with  a  continuous  regulator  of  some  kind,  similar  to  that  used 
in  the  chronograph.  The  instrument  once  directed  and  clamped, 
and  the  clock-work  started,  the  object  will  continue  apparently  im- 
movable in  the  field  of  view  as  long  as  may  be  desired. 

In  the  next  place,  it  is  very  easy  to  find  an  object,  even  if  invisible 
to  the  naked  eye,  like  a  faint  comet  or  nebula,  or  a  star  in  the  day- 
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time,  provided  we  kaow  its  declia&tion  aod  right  asceoBioD,  and 
have  the  sidereal  time ;  for  whicli  reaeoa  a  sidereal  clock  or  chro- 
nometer ie  an  iudispenaable  adjunct  of  the  eqnatorial. 


Fia.  36.— Tbe  23-lncb  Princeton  Tolsscops. 

To  find  an  object,  the  telescope  is  turned  id  declination  until  the  reading 
of  the  declination  circle  corresponds  to  the  declination  of  the  object,  and 
then  the  polar  axis  is  turned  until  the  hour-circle  of  the  ioBtrnment  (not  to 
bo  confounded  with  an  hour-circle  in  the  sky)  reads  the  kour-ariffte  of  the 
object.     This  hour-anglo,  it  will  be  remembered,  is  simply  the  difference  bfr 
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tween  the  sidereal  time  and  the  right  aaceneion  of  the  object.  The  hour- 
angle  is  east' if  the  right  ascension  exceeds  the  time;  west,  if  it  is  less. 
When  the  telescope  is  thus  set,  the  object  will  be  found  (with  a  low  nu^- 
nifying  power)  in  the  field  of  view,  unless  it  is  near  the  horizon,  in  which 
case  refraction  must  be  taken  into  account. 


Fia.  9T.  — Tb«  Ha1botirDaB«H«tar. 

While  the  instrument  cannot  give  very  accurate  determinations  of 
the  positions  of  bodies  by  the  direct  readings  of  its  circles,  on  account 
of  the  irregular  flexures  of  its  axes,  it  may  do  so  indirectly ;  that  is, 
it  maj'  be  used  to  determine  very  accurately  the  difference  between 
the  right  ascension  and  declination  of  a  comet  or  planet,  for  instance, 
and  that  of  some  neighboring  star,  whose  place  bos  been  already 
determined  by  the  meridian  circle ;  and  this  is  one  of  the  most  im- 
portast  uses  of  the  instrument. 
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73.     The  Micrometer. — Micrometers  of  various  sorts  are  eiiii>lo;ed 

for  the  purpose.    Ttie  most  common  and  moat  generally  useful  is  the 

so-called  '■-Jilar  position-micrometer,"  Fig.  28,  which  is  an  ioilispen- 

aable   anxiliaiy  of   every   good 

telescope. 

It  is  a  small  instrument,  much 
like  the  upper  part  of  the  read- 
ing microscope,  but  more  com- 
plicated.    It  usually  contains  a 
reticle    of   fixed  wires,  two   or 
three  parallel  to  each  other,  and 
crossed    at   right   angles   by   a 
second  set.     Then  there  are  two 
or  three  wires  parallel  to  tlie  first 
set,  and  movable  by   an  accu- 
rately made  screw  with  a  gradu- 
ated  head    and   a    counter,    or 
scale,  for  indicating  the  number 
of  entire   revolutions    made  bi- 
the  screw.     The  box  coutainmg 
these    wires,   and   carrying   the  eye-piece   and  screw,  can  itself   he 
turned  around  in  a  plane  perpendicular  to  the  optical  axis  of   the 
telescope,  and  set  in  any  desired  position  ;  for  example,  so  that  the 
movable  wires  sliall  be    parallel   to    the   celestial  equator,  while  the 


ither  set  run  north  and  south.  This  "  position  angle"  is  read  on  a 
graduated  circle,  which  forms  part  of  the  instrument.  Means  of 
illumination  are  provided,  giving  at  pleasure  either  dark  wires  in  a 
bright  field,  or  viee  versa. 

With  this  instrument  one  can  measure  the  distance  (in  seconds  of 
;irc) ,  and  the  diiection  between  any  two  stars  which  are  near  enough 
to  be  seen  at  once  in  the  same  field  of  view.     This  range  in  small 
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telescopes  may  reach  30'  of  arc  ;  wtiile  iu  the  larger  iustrumenta, 
which,  with  the  same  eye-pieces  have  much  higlier  magnifying  pow- 
ers, it  is  necessarily  leas,  —  not  more  than  from  5'  to  10'. 

74.  A  new  form  of  equatorial,  known  as  the  Equatorial  Coade,  or  Elbowed 
Equatorial,  has  been  recently  introduced  at  the  Paris  Observatory.  With 
large  instruments  of  the  ordinary  form  a  great  deal  of  inconvenience  is  en- 
countered by  the  observer,  in  moving  about  to  follow  the  eye-piece  into  the 
TsriouB  positions  into  which  it  is  forced  by  the  iaconsiderateness  of  the 


no.  90.  —  Tt»  EqnatOTlal  CoiuU. 

heavenly  bodies.  Moreover,  the  revolving  dome,  which  is  usually  et«cted  to 
shelter  a  great  telescope,  is  an  exceedingly  cumbrous  and  expensive  affur. 

In  the  Equatorial  Coud^,  Fig.  30,  these  difficulties  are  overcome  by  the 
use  of  mirrors.  The  observer  sits  always  in  one  fixed  position,  looking 
obliquely  down  through  the  polar  axis,  which  is  also  the  telescope  tube.' 

The  instrument  (figured  above)  had  an  aperture  of  about  ten  inches,  and 
proved  so  satisfactory  that  in  1891  «  much  larger  one  with  a  twenty-four- 
inch  lens  was  also  mounted,  and  both  are  now  in  constant  use. 

75.  All  instruments  so  far  described,  except  the  chronometer, 
ue  fixed  instruments;  of  use  only  when  they  can  be  set  up  firmly 
and  carefully  adjusted  to  established  positions.  Not  one  of  them 
'would  be  of  the  slightest  use  on  shipboard. 

>  For  description  of  the  siderosiat  and  ccelosUtt  see  Addendum  A. 
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We  have  now  to  describe  the  inBtrument  which,  with  the  help  erf 
the  chroDometer,  is  the  main  dependence  of  the  mariner.  It  is  an 
instrameot  with  which  the  observer  measures  the  angular  distance 
between  two  objects ;  au,  for  instance,  the  sun  and  the  visible  horizon, 
not  by  pointing  first  on  one  and  then  afterwards  on  the  other,  but  by 
sighting  them  both,  simuUaneously  and  in  apparent  coincidence;  which 
can  be  done  even  when  he  has  no  fixed  position  or  stable  footing. 

76.  The  Bextant.  — The  graduated  limb  of  the  sextant  is  carried 
by  alight  frameworlc,  usually  of  metal,  provided  with  a  suitable  handle 
X.    The  arc  is  about  one-sixth  of  a  circle,  as  tiie  name  implies,  and 


U  usually  from  Hve  to  eight  inches  radius.  It  bears  a  graduation  of 
half-degrees,  nuji^ered  as  whole  degrees,  so  that  it  can  measure  any 
angle  less  than  120°. 

An  "  index-arm,"  MN  in  the  figure,  is  pivoted  at  the  centre  of  the 
arc,  and  carries  a  vernier  which  slides  along  the  limb,  and  can  be 
fixed  at  any  point  by  a  clamp  and  delicately  moved  by  the  attached 
tangent  screw,  T.  The  reading  of  this  vernier  gives  the  angle 
measured  by  the  instrument.     The  best  instruments  read  to  10". 

Just  over  the  centre  of  motion,  the  ^'■index-mirror"  M,  about 
two  inches  by  one  and  one-half  in  size,  is  fastened  securely  to  the 
index-arm,  so  as  to  be  perpendicular  to  the  plane  of  the  limb.     At 
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ff,  the  "  borizon-gl&BS,"  about  an  inch  wide  and  ot  the  same  height 
BB  the  index-glass,  ib  eecured  firmly  to  the  frame  of  the  instrament, 
in  each  position  that,  when  the  vernier  of  the  index-arm  reads  zero, 
the  index-mirror  and  horizon-glass  will  be  parallel  to  each  other. 
Only  haif  of  the  horizon-glass  b  silvered,  the  upper  half  being  left 
transparent.     £  is  a  small  telescope. 

If  the  vernier  stands  near,  but  not  at  zero,  the  observer  look- 
ing into  the  telescope  will  see  together  In  the  field  of  view  two  sepa- 
rate imi^es  of  the  object ;  and  if,  while  still  looking,  he  slides 
the  vernier  a  little,  he  will  see  that  one  of  the  images  remains  fixed, 
while  the  other  moves.  The  fixed  image  is  due  to  the  rays  which 
reach  the  object-glass  of  the  telescope  directly,  coming  through 
the  unsilvered  half  of  the  horizon-glass :  the  movable  image,  on  the 
other  hand,  is  produced  by  rays  which  have  suffered  two  reflections, 
—  first,  from  the  index-mirror  to  the  horizon-glass;  and  second,  at 
the  lower  half  of  the  horizon-glass.  When  the  two  mirrors  are 
parallel,  and  the  vernier  reads  zero,  the  two  images  coincide,  pro- 
vided the  object  is  at  a  considerable  distance. 

If  now  the  vernier  does  not  stand  at  or  near  zero,  the  observer, 
looking  at  any  object  directly  through  the  horizon -glass,  will  see, 
not  only  that  object,  but  also  whatever  other  abject  is  bo  situated 
at  to  send  its  rays  to  the  telescope  by  reflection  upon  the  mir- 
rors ;  and  the  reading  of  the  vernier  toill  give  the  angle  at  the  instnf 
ment  hetvieen  the  two  objects  whose  images  thus  coincide;  the  angle 
between  the  plaues  of  the  two  mirrors  being  just  half  that  between 
the  objects,  and  the  half-degrees  on  the  limb  being  numbered  as 
whole  ones. 

77.  The  iHlncipal  ose  of  the  instrutnent  Is  in  measuring  the  altitude 
of  the  snn.  At  sea  the  observer,  holding  the  instrument  with  his  right 
hand  and  keeinng  the  plane  of  the  arc  vertical,  looks  directly  towards 
the  visible  horizon  at  the  point  under  the  sun,  through  the  horizon- 
glass  (whence  its  name)  ;  then  by  moving  the  vernier  with  his 
left  hand,  he  inclines  the  index-glass  npwards  until  one  edge  of  the 
reflected  image  of  the  snn  Is  brought  just  to  touch  the  horizon-line, 
noting  the  exact  time  by  the  chronometer,  if  necessary.  The  reading 
of  the  vernier,  after  correcting  for  the  semi-diameter  of  the  snn,  the 
^p  of  the  horizon,  tiie  refhictlon,  and  the  parallax  (and  for  the 
"  index -error "  of  ttie  sextant,  if  the  vernier  does  not  read  strictiy 
lero  when  the  mirron  are  parallel)  ^ves  the  sun's  true  altitude  at  the 
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78.  On  land  the  vaible  horizon  is  ot  no  use,  and  we  have  recourse  to  an 
"artificial  horizon,"  OB  it  iacailed.  This  is  merely  a  shallow  baain  of  mercury, 
oovered,  when  necessary  to  protect  it  from  the  wind,  with  a  roof  made  of 
glass  plates  having  their  sides  plane  and  parallel. 

In  thia  case  we  measure  the  angle  between  the  sun's  image  reflected  in  the 
mercury  and  the  flun  itself.  The  reading  of  the  instrument,  corrected  for 
fndeX'«rTor,  gives  Iwice  the  sun's  apparent  altitude;  which  apparent  altitude, 
corrected  as  before  for  refraction  and 
parallax,  but  not  for  dip  of  the  horizon, 
gives  the  true  altitude.  The  skilful  use 
of  the  sextant  reqaires  steadiness  of 
hand  and  considerable  dexterity,  and 
from  the  small  size  of  the  telescope  the 
angles  measured  are  of  course  leas  pre* 
cise  tha:i  if  determined  by  large  fixed 
instruments.  But  ita  portability  and 
applicability  at  sea  render  it  absolutely 
invaluable. 

79>     The  principle  that  the  tme  angle 
between  the  objects  whose  images  coin- 
cide is  twice  the  angle  between  the  mit^ 
rora  (or  between  their  normals)  is  easily 
demonstrated  as  follows  (Pig-  32)  :  — 

The  ray  S3f  coming  from  an  object,  after  reflection  first  at  M  (the  index- 
mirror),  and  then  at  H  (the  horizon-glass),  is  made  to  coincide  \/\Qi  the 
ray  OH  coming  from  the  boriion.  We  must  prove  that  the  angle  SEO,  be- 
tween the  object  and  the  horizon,  br  seen  from  the  point  E  in  the  instrument, 
is  double  the  angle  Q,  between  MQ  and  HQ,  which  are  norllials  to  the  mir- 
rors, and  therefore  double  Q',  which  is  the  angle  between  the  planes  of  the 

First,  from  the  law  of  reflection,  we  have, 

SMP^HMP,  or  SMH=2XPIHH. 

SimOarly,  MHE  -  2  X  MHQ. 

From  the  geometric  principle  that  the  exterior  angle  SMH  of  the  triangle 
SME  is  equal  to  the  sum  of  the  opposite  interior  angles  at  H  and  E,  we  get 

HEM=  SMH  -  MHE  =  2  PMH-2  MHQ=2(_PMH-MBQ). 

Bimilarly,  from  the  triangle  HMQ,  we  have 

HQM  =  PMH  -  MHQ, 

irhich  is  half  the  value  just  found  for  HEM,  and  proves  the  proposition 
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Of  coarse  with  the  sextant,  as  with  all  other  instruments,  it  is 
necessary  for  the  observer  who  aima  at  the  utmost  precision  to  in- 
vestigate, and  take  into  account  its  errors  of  graduation,  construction 
and  adjustment ;  but  their  discussion  lies  beyond  our  scope. 

60.  Besides  the  instruments  we  have  described,  there  are  many 
others  designed  for  special  work,  some  of  which,  as  the  zenith  tele- 
scope and  heliometer,  will  he  mentioned  hereafter  as  it  becomes 
necessary.  There  is  also  a  whole  class  of  physical  instruments, 
photometers,  spectroscopes,  heat-measuring  appliances,  and  photo- 
graphic apparatus,  which  will  have  to  l>e  considered  in  due  time. 

But  with  clock,  meridian  circle,  and  equatorial  and  their  usual 
accessories,  all  the  fundamental  observations  of  theoretical  and 
spherical  astronomy  can  he  supplied.  The  chronometer  and  sextant 
are  practically  the  only  astronomical  instruments  of  any  use  at  sea. 
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CHAPTER  m. 

COBBECnONS  TO  ASTRONOMICAL  OBSERVATIONS,  DIP  OP  THK 
HOBIZON,  PARALLAX,  SBMI-DIAMETBR,  REFRACTION,  AlfD 
TWILIGHT. 

81.    Dip    of  the   HorisoB.  —  In  obBervations  of  the  altitude   of 

s  heiiTenly  body  at  sea,  where   the   measuremeot  is  made   from 

the   aea4ine,  a   correction   is   needed   on    account  of  the  fact   that 

this  visible  horizon  does   not  coincide  with  the  true  aaU'onomical 

horizoD  (which  is  90°  from  the  zenith),  but 

falls  sensibly  below  it  by  an  amount  known 

as  the  Dip  of  the  Horizon.    The  amount  of 

tiiis  dtp  depends  upon  the  size  of  the  eartli 

and  the  height  of  the  obeerrer's  eye  above 

the  sea-level. 

In  Fig.  33,  G  is  the  centre  of  the  earth, 

AB  a  portion  of  its  level  surface,  and  0  Uie 

observer,  at  ao  elevation  h  abovp  A.    The 

line  0^  is  truly  horizontal,  while  the  tangent 

?M.n.— Dipof  u»HoriioD.    Uue,  OB,  corresponds    to   the    line    drawn 

firom  the  eye  to    the  visible  horizon.     The 

angle  HOB  ts  the  dip.     This  is  obviously  equal  to  the  angle  OCB 

at  the  centre  of  the  earth,  if  we  regard  the  earth  as  spherical,  as  we 

may  do  with  quite  sufficient  accuracy  for  the  purpose  in  hand. 

From  the  right-angled  triangle  OBO  we  have  directly 

Putting  R  for  the  radius  of  tlie  earth,  and  A  for  the  dip,  this  becotnea 

«>sA=-^. 
R  +  h 

Thb  formula  is  exact,  but  iDcoovenient,  because  it  gives  the  small  angle 
A  by  means  of  its  cosine.  Siuce,  however,  I— cos  A=28in*iA,  we  easily 
obtwn  the  following :  — 
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This  gives  tiie  true  depression  of  the  sea  horizoD,  as  it  would  be  if  the 
tine  of  sight,  drawn  from  the  eye  to  the  homoa  line,  were  ttraighl.  On 
account  of  refraction  it  is  not  straight,  however,  and  the  amount  of  this 
* terreatrial  refraction"  is  very  variable  and  uncertain.  It  is  usual  to 
diminish  the  dip  computed  from  the  formula  by  one-e^hth  ita  whole  amount 

An  approximate  formiilai  for  the  dip  i» 

a  (tn  minutes  of  arc)  =  VA  (feet)  ; 

or,  in  words,  the  square  root  of  the  elevation  of  the  eye  (in  feet)  gives 
the  dip  in  minutes.    This  gives  a  value  about  ^  part  too  large. 

Since  the  dip  is  applicable  odI}-  to  sextant  observations  made  at 
sea,  where,  from  the  nature  of  the  instrument,  and  the  rising  and 
falling  of  the  observer  with  the  vessel's  motion,  it  is  not  possible  to 
measure  altitudes  more  closely  than  within  about  15",  there  is  no 
need  of  any  extreme  precision  in  its  calculation. 

I  This  approximate  formula  ma7  be  obtained  tbus : — 

But  since  -  Uaver;  smalt  fraction, Itmaj  be  neglected  in  tbedlTisor/l+-], 
and  the  expression  becomes  simply, 

2shi'j4  =  -=i  whence  tiai&  =  -\l~. 
ffiuoe  A  is  a  very  small  angle, 

A  =  sin  A  =  2  sin  }  &,      so  that 

'<"■"■"""' -^Vra=VS- 

To  reduce  radians  to  minutes,  we  must  multiply  by  343S,  the  number  of  minnlea 
In  a  radian.    {Art  6,  page  7.)    Accordingly, 


1'  (in  minutes  of  arc)  =  8438  J~. 


U  we  express  h  Id  feet,  we  roust  also  use  the  same  anils  for  R.  The  mean 
radius  of  the  earlh  is  about  20,884,000  feet,  one-half  of  which  is  10,442,000,  and 
Ibe  square  root  of  this  is  8231 ;  so  that  the  formula ' 


wUch  Is  near  enongh  Co  that  given  In  the  text. 

In  fact,  the  Tefrsccion  makes  so  much  difference  that  even  after  taking  &e 
uameiical  factor,  ^^,  as  unity,  the  formula  still  gives  A'  about  ^  part  too  large. 

Hie  formnla  a'  —  VSh  (aetrei)  is  yet  more  nearly  correct 
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82.  Farall&x. — In  the  most  general  seDse,"  parallax  "  is  the  chaogfi 
of  a  body's  directiou  resultiDg  from  the  observer's  displacement.  In 
the  restricted  and  t«clmical  sense  in  which  we  are  to  employ  it  now, 
it  may  be  defined  as  the  difFerence  between  the  direction  of  a  body  as 
actually  observed  and  the  direction  it  would  have  if  seen  from  theearth'a 
cejUre.  Thus  in  tlie  figure,  Fig.  S4,  where  the  observer  is  supposed 
to  be  at  O,  the  position  of  P  in  the  sky  (as  seen  from  0)  would  be 
marked  by  the  point  where  OP  produced  would  pierce  the  celestial 
sphere.  Its  position  as  seen  from  C  would  be  determined  in  the 
same  way  by  producing  OP  to  which  OX  is  drawn  parallel.  The 
angle  POX,  therefore,  or  its  equal,  OPC,  is  fh»  paraUax  of  P  for 
an  observer  at  0. 
Obviously,  from  the  figure,  we  may  also  give  the  following  defini- 
tion of  the  parallax.  S  ia  the  angu- 
lar distance  (number  of  seconds  of 
arc)  between  the  observer's  station  and 
the  centre  of  the  earth's  disc,  as  seen 
from  the  body  observed.  The  moon's 
parallax  at  any  moment  for  me  is  my 
angular  distance  from  the  earth's  cen* 
tre,  asseen  by ' '  the  man  in  the  moon." 
^Vhen  a  body  is  in  the  zenith  its 
parallax  is  zero,  and  it  is  a  maxi- 
mum at  the  horizon.  Id  all  cases  it 
depresses  a  body,  diminishing  the 
altitude  wtthovt  changiitg  the  asimu&. 
I,  that  it  varies  as  the  sine  of  the  xenith  dia- 
IS  the  linear  distance  (in  miles)  of  the  body. 
triangle    COP,    where   we    have 


Dlunul  Pi 


The  "law  "  of  the  parallax  ia 
lance  directly,  and  inversely  a 

This    follows    easily    from    the 
PC:  0C=  sin  CO-P:  sin  CPO. 

Put  D  for  PC,  tile  distance  of  the  body  from  the  earth ;  R  for 
the  earth's  radius,  CO ;  p  for  CPO,  the  parallax ;  {  for  ZOP,  the  appar- 
ent zenith  distance,  and  remember  that  the  sine  of  {  is  equal  to  the 
sine  of  Us  supplement,  COP:  we  then  have  as  the  translation  of 
the  above  proportion, 

This  gives  us  sin  p  =  ■=•  sin  { ; 

or,  from  Art.  6,  since  p  is  always  a  small  angle, 
y  =  206266"-^- sin  t 
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83.     HoriKOktal  Parallaz.  — When  a  bod;  is  at  the  horizon  (i>,  id 
the  figure),  then  {  becomes  90°,  and  sin  £  =1.     In  this  case  the  par-         \J 
allax  reaches  its  maximum  value,  which  ia  called  tAe  horizontai  parol- 
iax  ot  the  body.     Taking  p^  as  the  symbol  for  this,  we  hare 


D 

Comparing  this  with  the  formula  above,  we  see  that  the  parallax  of 
a  body  at  any  zenith  distance  equals  the  horizontal  paraOax  muUipHed 
bg  the  rine  of  the  zenith  di^ance;  i.e.,p=PiainZ. 

S.  B.  A  glance  at  the  figure  will  show  that  we  may  define  the 
horizontai  parallax,  OP^C,  of  any  body,  as  the  angular  lemi-diameteT 
of  the  earth  teen  from  that  body.  To  say,  for  instance,  that  the  sun's 
horizontal  parallax  is  8". 8,  amounts  to  saying  that,  seen  from  the  sun, 
tiie  earth's  apparent  diameter  is  twice  8". 8,  or  17". 6. 

84.  BeUtion  between  Horisoatal  Parallax  and  Biitanee. — Since 
we  bare 

•toA-f, 

It  follows  of  eonrse  tliat  D=sR-t-aiap^t 

If  tiie  Bon'B  parallax  eqnala  8"-8, 

its  distance  =  -^^^  X  R  =  28489  B. 


86.  Bquatorial  Parallax. — Owing  to  the  "eUipticity"  or  >'ob- 
lateness"  of  the  earth  the  horizontal  parallax  of  a  body  varies 
slightly  at  different  places,  being  a  maximum  at  the  equator,  where 
the  distance  of  an  observer  from  the  earth's  centre  is  greatest.  It 
is  agreed  to  take  as  the  standard  the  eqitatorial  horizontal  parallax ; 
i.e.,  the  earth's  equaiorial  semi-diameter  as  seen  fk>m  the  body. 

86.  Diurnal  Parallax.  — The  parallax  we  have  been  discussii^  ia 
aometimes  called  the  diunuU  paraUax,  because  it  runs  Uirongh  all  its 
poBSible  changes  Id  one  day. 

When  the  flUD,  for  instance,  is  rising,  Its  parallax  is  a  maximom,  and  bv 
throwing  it  down  towards  the  east,  increases  its  apparent  right  ascensioa. 
At  noon,  when  the  snn  is  on  the.  meridian,  its  parallax  is  a  minimnm,  and 
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affects  only  the  decliiiBtioii.  At  auoset  it  ig  again  a  u 
throws  the  sun's  apporeDt  place  down  towards  the  west.  AlQioogh  the  sod 
is  invisible  while  below  the  horizon,  yet  the  parallai,  geometTtcally  contidered, 
again  becomes  a  minimum  at  midnight,  reguning  its  original  value  at  the 
aext  sanriae. 

The  qualifier,  "  diuraal,"  is  seldom  used  except  when  it  is  neces- 
sary to  distinguish  between  this  kind  of  parallax  and  the  annual 
parallax  of  the  fixed  stars,  which  is  due  to  the  earth's  orbital  motion. 
The  stars  are  so  far  away  that  they  have  no  sensible  diumai  parallax 
(the  earth  is  &□  infinitesimal  point  as  seen  from  them)  ;  but  some  of 
them  do  hare  a  slight  and  measurable  annual  parallax,  by  means 
of  which  we  can  roughly  determine  their  distances.    (Chap.  XIX.) 

87.  BmallneM  of  Parallax.  — The  horizontal  parallax  of  even  the 
nearest  of  the  heavenly  bodies  ia  always  small.  In  the  case  of  the 
moon  the  average  value  is  about  57',  varying  with  her  continually 
changing  distance.  Excepting  now  and  then  a  stray  comet,  no  otiier 
heavenly  body  ever  comes  within  a  distance  a  hundred  times  as  great 
as  hers.  Venus  and  Mars  approach  nearest,  but  the  parallax  of 
neither  of  tiiem  ever  reaches  40". 

88.  Bemi-Diameter.  —  In  order  to  obtain  the  true  altitude  of  as 
object  it  is  necessary,  if  the  edge,  or  "It'm&,"  as  it  is  called,  has  been 
observed,  to  add  or  deduct  the  apparent  semi-diameter  of  the  object. 
Id  most  cases  this  will  be  sensibly  the  same  in  all  parts  of  the  sky, 
but  the  moon  is  so  near  that  there  is  quite  a  perceptible  difference 
between  her  diameter  when  in  the  zenith  and  in  the  horizon.  \ 

A  glance  at  Fig.  84  shows-  that  in  tlie  zenith  the  moon's  distance  is  less 
than  at  Uie  horizon,  by  almost  exactly  the  earth's  radius — the  difference 
between  the  lines  OZ  and  OP^.  Now  this  is  very  nearly  Dn&«ixtieth  part 
of  the  moon's  distance,  and  consequently  the  moon,  on  a  night  when  its 
apparent  diameter  at  rising  is  30',  will  be  30"  larger  when  near  the  zenith. 
Since  the  semi-diameter  given  in  the  almanac  ia  what  would  be  seen  from  the 
centre  o/the  earlh,  every  meaHure  of  the  moon's  distance  from  stars  or  from 
the  horizon  will  reqnire  us  to  take  into  account  this  "  augmentation  of  the 
semi-diameter,"  as  it  is  technically  called. 

The  formula,  easily  deduced  from  the  figure  by  remembering  that  the 
angle  PCO  =  (—p  (zenith  distance— parallax),  and  that  the  apparent  and 
"  almanac "  diameters  will  be  inversely  proportional  to  the  two  distances 
OP  and  CP,  is 

apparent  semi-diameter  =  almanac  s.  d.  x  -: — rr-* — ;■ 
sin  (J-p) 
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This  messaraMe  increaae  of  the  moon's  angular  diameter  at  high 
altitudes  has  notliiDg  to  do  with  the  purelj  subjective  illusion  which 
makes  the  diao  look  larger  to  ns  when  near  the  horizon.  That  it  is  a 
mere  illusion  may  be  made  evident  by  simply  looking  tbrough  a  dark 
glass  just  dense  enough  to  hide  the  horizon  and  intervening  land- 
scape. The  mooD  or  sun  then  seems  to  shrink  at  once  to  normal 
dimensions. 


89.  B«biH)tio]i. — Rays  of  l^ht  have  their  direction  changed  by 
refraction  in  passing  through  the  air,  and  as  .the  direction  in  tckicJi  we 
Bee  a  body  ia  that  in  which  Us  light  -reocfea  the  eye,  it  follows  that  this 
refraction  apparently  dis- 
places the  stars  and  all 
bodies  seen  through  the 
atmosphere.  So  far  as 
the  action  is  regular,  the 
effect  ia  to  bend  the  rays 
directly  downvxirda,  and 
thas  to  make  the  objects 
appear  higher  in  the  sky. 
Refraction  increases  the 
aititude  of  a  celestial  ob- 
ject witiioiU  altering  the 
azimuth.  Like  parallax, 
it  is  zero  at  the  zeniUi 
and  a  maximum  at  the 
horizon ;  but  it  follows  a 
different  law.^  It  i^entirely  independent  of  the  distance  of  the 
object,  and  its  athount  vaAes  (fiearly)  as  the  tangent  of  the  zenith 
distance  —  not  as  the  sine,  as  in  the  case  of  parallax. 


Fm.  U.  —  AtmuptaMlo  BafnotioD. 


90.      This  approximate  law  of  the  refraction  is  easily  proved. 

Snppose  in  Fig.  35  that  the  observer  at  0  sees  a  star  in  the  direcUon  OS, 
at  the  zenith  distance  ZOS  or  {.  The  light  has  reached  him  from  S'  by  a 
path  which  was  straight  until  the  ray  met  the  upper  surface  of  the  air  at  A, 
but  afterwards  curved  continually  downward§  as  it  passed  from  rarer  to 
denser  regions. 

We  know  that  the  atmosphere  is  very  shallow  as  compared  with  the  size 
of  the  earth,  and  it  is  exceedingly  rare  in  the  upper  portions,  so  that,  as 
far  as  coscems  refraction,  we  may  aasnme  that  the  point  A ,  where  the  first 
perceptible  bending  of  the  ray  occurs,  is  not  more  than  fifty  miles  high, 
and  that  the  vertical  AZ'  is  tensUUg  parallel   to   OZ ;   consequently,  also^ 
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tiiat  atl  the  mceettivt  "  ttrttia  of  equal  deniity  "  are  parallel  la  each  other  and 
to  Ae  upper  turface  of  the  air, 

[This  smotmtfi  to  neglecting  the  euth'a  ciuratnre  between  O  And  B.J 

The  true  zenith  distance  (as  it  wonld  be  if  there  were  no  refraction)  is 
ZDS'i  which  equals  Z'A  S' ;  and  since  the  refraction,  r,  may  be  defioed  as 
the  difference  between  the  true  and  apparent  zenith  distances,  this  true 
zenith  distance  will  =  l  +  r. 

Now  from  optical  prinoiptes,  when  a  raj  of  light  passes  through  a 
medium  composed  of  parallel  strata,  the  final  direction  of  the  ray  is  the 
some  as  if  the  medium  had  throughout  the  density  of  the  last  stratom, 
and  therefore  the  final  direction,  SO,  will  be  the  same  as  if  all  the  air,  &om 
A  down,  had  the  same  density  as  at  O,  with  the  same  index  of  refraction, 
n.  We  may  therefore  apply  the  law  of  refraction  directly  at  A,  and  write 
sin Z'AS'^n  an  BAC  {=  ZOS),  or  sin  (C  +  r)  =  n  sin  {;  ^Cbemg drawn 
parallel  to  OS. 

Developing  the  first  member,  we  have 

sin  {  cos  r  +  cos  £  sin  r  =  n  «n  j^. 

But  r  b  always  a  small  angle,  never  exceeding  40>i  we  may  therefore  take 
cos  r=  1.    Doing  this  and  transposing  the  first  term,  we  get 

cos  £  sin  r  =  n  sin  :_ain  i=  (n-l)sin  {. 

nr=(n-l)taaC; 

'  =  («  - 1)  206265  tan  {  (nearly). 


The  index  of  refraction  for  air,  at  zero  centigrade  and  a  barometric 
preuuTe  of  760™,  is  1.000294  ;   whence, 

r"  =  .000294  X  206265  X  tan{  =  60".6  tan  l- 

This  equation  bolda  very  nearly  indeed  down  to  a  zenith  distance 
of  70°,  but  fails  as  we  approach  the  horizon.  For  raya  coming  nearl^v 
horizontal,  the  points  A  and  B  are  so  far  from  0  that  the  normal 
AZ'  is  no  longer  practically  parallel  to  OZ;  and  many  of  the  other 
fundamental  assumptions  on  which  the  formula  is  based  also  break 
down. 

At  the  horizon,  where  {  =  90°  and  tan  (  =  infinity,  tlie  formula 
would  give  sin  r  =  infinity  also ;  an  absurdity,  since  no  sine  can 
exceed  unity.  The  refraction  there  is  really  about  37',  under  the 
circumstances  of  temperature  and  pressure  above  indicated. 
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91 .  Sffeet  of  Temperature  and  Barometrie  Pntntie.  —  The  iiides 
of  refraction  of  air  depends  ot  course  upon  ite  temperature  and  pressure. 
As  the  air  grows  toarmer,  its  refractive  power  decreases;  as  it  grows 
denser,  the  refraction  increases.  Hence,  Id  all  precise  observations  of 
the  altitude  (or  zenith  distance),  it  is  necessar;  to  note  both  the 
thermometer  and  the  barometer,  in  order  to  compute  the  refraction 
with  accuracy.  For  rough  work,  like  ordinary  sextant  observations, 
it  will  answer  to  use  the  "  mean  refraction,"  corresponding  to  an 
arerags  state  of  things.     See  Appendix,  Table  VIII. 

Table*  ol  Rafractloii.  —  The  exact  computation  of  the  refraction  is  beet 
effected  by  special  tables  for  the  purpose  ;  of  these,  Bessel's  tables  are 
the  most  convenient,  best  toown,  and  probably  even  yet  the  most  accurate. 
It  must  be  always  borne  in  mind,  however,  that  from  tiie  action  of  wind  and 
other  causes  the  condition  of  the  air  along  the  path  of  the  ray  is  sf^Idom  per- 
fectly normal ;  in  consequence,  the  actual  refraction  in  any  given  case  is  lia- 
ble to  difier  from  the  computed  by  as  much  as  one  or  even  two  per  cent. 
No  amount  of  care  in  observation  can  evade  this  difficulty;  the  only  remedy 
is  a  sufficient  repetition  of  observations  under  varying  atmospheric  condl- 
tjona.  Observations  at  an  altitude  below  10°  or  15°  are  never  much  to  bo 
trusted. 

Iiatmral  Refraotloa.  —  When  the  tur  is  much  disturbed,  sometimes  ob- 
jects are  displaced  horizontally  as  well  as  vertically.  Indeed,  as  a  general 
role,  when  one  looks  at  a  star  with  a  large  telescope  and  high  power,  it  will 
seem  to  "dance"  more  or  less — the  effect  of  the  varying  refraction  which 
coDtinuaUy  displaces  the  image. 

92.  Effect  on  tlie  Time  of  Snnrise  and  Snnnt.  — The  horizontal  re- 
fhictioD,  ranging  as  it  does  from  32'  to  40',  according  to  temperature, 
is  always  somewhat  greater  than  the  diameter  of  either  the  sun  or 
the  moon.  At  the  moment,  therefore,  when  the  sun's  tower  limb 
appears  to  be  just  rising,  the  whole  disc  is  really  below  the  plane 
of  the  horizon ;  and  the  lime  of  sunrise  in  our  latitudes  Is  thus 
accelerated  from  two  to  four  minutes,  according  to  the  inclination  of 
the  fiun'a  diurnal  circle  to  the  horizon,  which  inclination  varies  with 
the  time  of  the  year.  Of  course,  sunset  is  delayed  by  the  same 
amount,  and  thus  the  day  is  lengthened  by  refraction  from  four 
to  eight  minutes,  at  the  expense  of  the  ntght. 

83.  Sffsot  on  the  Form  and  Siie  of  the  Sisos  of  the  Sun  and  Xoon. 
—  Near  the  horizon  the  refraction  changes  very  rapidly.  While  un- 
der ordinary  aummer  temperature  it  is  about  35'  ai  the  horizon,  it  is 
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only  29'  at  an  elevation  of  balf  a  degree ;  so  that,  as  the  sun  or  moon 
rises,  the  bottom  of  the  disc  is  lifted  6'  more  than  the  top,  and  the 
vertical  diameter  ia  thus  made  apparently  about  one-fifth  part  shorter 
than  the  horizontal.  This  distorts  the  disc  into  the  form  of  an  oval, 
flattened  on  the  under  side.  In  cold  weather  the  effect  is  much  more 
marked.  As  the  horizontal  diameter  is  not  at  all  increased  by  the 
refraction,  the  apparent  area  of  the  disc  is  notably  diminished  by  it; 
so  that  it  is  evident  that  refraction  cannot  be  held  in  any  way  re- 
sponsible for  the  apparent  enlargement  of  the  rising  luminary. 

94.  Determiiution  of  the  Kefraotion.  —  1.  Physical  Method. 
Theory  furnishes  the  law  of  astronomica!  refraction,  though  the 
mathematicBl  expression  becomes  rather  c-omplicated  when  we  attempt 
to  make  it  exact.  In  order,  therefore,  to  determine  the  astronomical 
refraction  under  all  possible  ciroumstances,  it  is  only  Decessary  to 
determine  the  index  of  refraction  of  air,and  its  variations  with  tem- 
perature and  pressure,by  laboratory  experiments,  and  to  introduce  the 
constants  tbns  obtained  into  the  formuhe.  It  is  difficult,  however,  to 
make  these  determinations  with  the  necessary  precision.  In  fact,  at 
present  our  knowledge  of  the  constants  of  air  rests  mainly  on  astro- 
nomical work. 

2.  By  Obaervationa  of  Oircumpolar  Stars.  At  an  observatory  whose 
latitude  exceeds  45°  select  some  star  which  passes  through  the  zenith 
at  the  upper  culminatioQ.  (Its  declination  must  equal  the  latitude  of 
the  observatory.)  It  will  not  be  affected  by  refraction  at  the  zenith, 
while  at  the  lower  culminatjon,  twelve  hours  later,  it  will.  With  the 
meridian  circle  observe  its  polar  distance  in  both  positions,  determin- 
ing the  "  polar  point  "  of  the  cti-cle  as  descril)ed  on  pp.  46-47.  If  the 
polar  point  were  not  itself  afEected  by  refraction,  the  simple  differ- 
ence between  the  two  resulte  for  the  star's  polar  distance,  obtained 
from  the  upper  and  lower  observations,  would  be  the  refraction  at 
the  lower  point. 

As  a  Jlrst  approximation,  however,  we  may  neglect  the  refraction 
at  the  pole,  and  thus  obt^n  a  Jirst  approximate  lower  refraction. 
By  means  of  this  we  may  compute  an  approxi'maie  polar  re&actJOD, 
and  so  get  a  first  "corrected  polar  point."  Witb  this  compute  a 
tecond  approximate  lower  refraction,  which  will  be  much  more  neariy 
right  than  the  first ;  this  will  give  a  second  "  corrected  polar  point"  ; 
this  will  in  turn  give  us  a  third  approximation  to  tlie  refraction  ;  and 
so  on.  But  it  would  never  be  necessary  to  go  beyond  the  third,  as 
the  approximatioa  is  very  rapid.     If  the  star  does  not  go  exactly 
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throttgh  the  zenith,  it  is  only  necessary  to  compnte  each  time  approxi- 
mate refractions  for  its  upper  ol»erradon,  aa  well  as  for  the  polu 
point. 

At  present,  however,  the  refraction  is  so  well  known  that  the 
method  actually  naed  is  to  form  "  equations  of  condition  "  from  the 
otmervations  of  the  altitude  of  known  stars  under  varying  circnm- 
stances,  and  from  these  to  deduce  such  corrections  to  the  star  places 
and  refraction  constants  as  will  best  harmonize  the  whole  mass  of 
material. 

95.  3.  Bs  C^tervationt  o/tie  AUititdet  of  Equatorial  Stan  made  atonic 
aervalort/  near  the  Equator.  For  an  observer  od  the  equator,  stars  on  the 
celestial  equator  (8=  0)  will  come  to  the  meridian  at  the  zenith,  aud  will  rise 
and  fall  vertically,  with  a  motion  strictly  proportional  to  the  lime ;  the  trve  zenith 
distaoce  of  the  star  at  any  moment  being  just  equal  to  its  kour^ngU  in 
degrees.  We  have  only,  then,  to  observe  the  apparent  zenith  distance  of  a 
atar  with  the  corresponding  time,  and  the  refraction  comes  out  directly. 

If  the  station  b  not  exactly  on  the  eqnator,  and  if  the  star's  declination  is 
not  exactly  zero,  it  is  only  necessary  to  know  the  latitude  aiid  declination 
approxtnuUely  in  order  to  get  Uie  refraction  very  accurately :  a  considerable 
error  in  either  latitude  or  declination  will  aSect  the  result  but  slightly. 

4.  The  French  astronomer  Loewy  devised  a  new  method  which  has 
proved  excellent.  He  puts  a  pair  of  reflectors,  inclined  to  each  other  at  a 
convenient  angle  of  from  45°  to  50°  (a  glass  wedge  with  silvered  sides), in  front 
of  the  object-glass  of  an  equatorial.  This  will  bring  to  the  eye  two  rays 
which  make  a  strictly  constant  angle  with  each  other,  and  there  is  no  diffi- 
culty in  finding  pairs  of  stars  so  situated  that  their  images  will  come  into 
the  field  of  view  together.  Now,  were  it  not  for  refraction,  these  images 
would  always  keep  their  relative  position  unchuiged,  notwithstanding  the 
diurnal  motion;  but  on  account  of  the  changes  in  the  refraction,  as  one  star 
rises  and  the  other  falls,  they  will  shift  in  the  field,  and  micrometric  meas- 
ures will  determine  the  shifting,  and  so  the  refraction,  with  great  precision. 

96.  Twilight.  —  (Although  this  subjeet  Is  outside  the  maJn  pnipoae  of  this 
chapter,  w^lch  daali  with  correcUoiiK  to  be  applied  to  astronomloBl  observations,  we 


Twilight,  the  illumination  of  the  sky  which  b^ins  before  sunrise, 
and  continues  after  sunset,  is  caused  by  the  reflection  of  light  to  the 
observer  from  the  upper  regions  of  the  earth's  atmosphere.  It  is  not 
yet  certain  whether  this  is  due  to  reflection  from  foreign  matter  in  tha 
air,  such  as  minute  crystals  of  ice  and  salt,  particles  of  dust  of 
I  kinds,  and  infinitesimal  drops  of  water,  or  whether  the  pnre 
s  themselves  have  some  power  of  reflecting  light.     There  is  no 
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doubt,  however,  that  air,  under  the  ordlnaiy  couditiona,  possesses 
considerable  power  of  reflefition  ;  so  that,  as  long  as  any  air  upon 
wliich  the  sun  is  shining  is  visible  to  the  observer,  it  will  send  him 
more  or  less  light,  and  appear  illumiDated. 

Suppose  the  atmosphere  to  have  the  depth  indicated  in  the  figure. 
Then,  if  the  sun  is  at  5,  Fig.  36,  it  will  just  have  set  to  an  observer 
at  1,  but  all  the  air  within  his  range  of  vision  will  still  be  illuminated. 
Wlien,  by  the  earth's  rotation,  he  has  been  transported  to  2,  be  will 
see  the  "  twiligjit  bow  "  rising  in  the  east,  a  faintly  reddish  arc 
eeparating  the  illuminated  part  of  the  sky  from  the  darkened  part 
below,  which  lies  in  the  shadow  of  the  earth.  When  he  reaches  3, 
the  western  half  of  the  sky  alone  remains  bright,  but  the  arc  of 


Fio.  M.— TwillgM. 


separation  between  the  light  and  darkness  has  become  vague  and 
indefinite;  when  he  reaches  4,  only  a  glow  remains  in  the  west; 
and  when  he  conies  to  5,  night  closes  in  on  him.  Nothing  remains 
in  sight  on  which  the  sun  is  shining. 


97.  Duration  of  Tieili(/hl.  —  This  depends  upon  the  height  of  the  attno8- 
phf  re,  and  the  angle  at  which  the  sun's  diurnal  circle  cuts  the  liorizon.  It  is 
found  aa  a  matter  of  observation,  not  admitting,  however,  of  much  precision, 
that  twilight  lasts  until  the  siiu  has  sunk  about  i^°  below  the  horizon;  that 
is  to  say,  the  angle  1  C  5  in  the  figure  is  about  18°. 

The  time  required  to  reach  thi.t  point  in  latitude  40°  varies  from  two 
hours  at  the  longest  days  in  summer,  to  one  hour  thirty  minutes  about  Oct. 
12  and  starch  1,  when  it  is  least.  At  the  winter  solstice  it  is  about  one 
hour  and  thirty-live  minutes. 

In  higher  latitudes  the  twilight  lasts  longer,  and  the  variation  is  more 
considerable;  the  date  of  the  minimum  also  shifts. 

Near  the  equator  the  duration  is  shorter,  hardly  exceeding  an  hour  at  the 
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Bea-lerel;  while  at  high  elevations  (where  tie  amount  of  air  above  the 
observer's  level  la  less)  it  becomes  very  brief.  At  Quito  and  Lima  it  is 
Mid  not  to  last  more  than  twenty  minutes.  Probably,  also,  in  mountain 
regioos  the  clearness  of  the  air,  and  its  purity  contribute  to  tliu  effect. 

98.  Height  of  the  Atmosphere. — It  is  evident  from  the  figure  Uiat 
at  the  moment  twilight  ceases,  the  last  visible  portion  of  illuminated 
air  is  at  the  top  of  the  atmosphere,  and  just  half-way  betweea  the  ob- 
server and  the  nearest  point  where  the  sun  is  setting.  If  tbe  whole  arc 
1, 5  is  18°,  1, 3  ie  9° ;  then  calling  the  height  of  the  atmosphere  H  and 
the  earth's  radius  A,  and  neglecting  refraction  (i.e.,  supposing  tlie  lines 
Im  and  5 m  to  be  straight),  we  have  from  the  right-angled  triangle 
lCtn,Cm  =  3  Ox  Beo9°, orfl  -f-  H=R  x  sec 9°;  whence  H  =^  R 
(sec  9°—  1)  =  0.0125  if,  or  almost  exactly  fifty  miles.  This  must 
be  diminished  about  one-fifth  part  on  account  of  the  curvature  of 
the  lines  Im  and  5m  by  refraction,  making  the  height  of  the  atmoa- 
phere  abont  fort}'  miles. 

The  result  must  not,  however,  bo  accepted  too  confidently.  It  only 
proves  that  we  get  no  sensible  twilight  illumination  from  air  at  a 
greater  height :  above  that  elevation  tbe  air  ia  either  too  rare,  or  too 
pure  from  foreign  particles,  to  send  us  any  perceptible  reflection. 
There  is  abundant  evidence  fVom  the  phenomena  of  meteors  that  the 
atmosphere  extends  to  a  height  of  100  miles  at  least,  and  it  cannot 
be  asserted  positively  that  it  has  any  definite  upper  limit. 

99.  Aberratioit.  —  There  ja  yet  one  more  correction  which  has  to  be 
ai^lied  in  order  to  get  the  true  direction  of  the  line  which  at  the  instant  of 
observation  joins  the  eye  of  the  observer  to  the  star  he  is  pointing  at.  The 
abtrralion  of  light  is  an  apparent  displacement  of  the  object  observed,  due 
to  the  combination  of  the  earth's  orbital  motion  with  the  progressive  motion 
of  light.  It  can  be  better  discussed,  however,  in  a  different  connection  (see 
Chqi.  Vl.),  sod  we  content  ourselves  with  merely  mentioning  it  heie. 


ExEBciSES  f>^  Chapter  I. 

1.  What  point  in  the  celestial  sphere  has  Imlh  its  right 
declination  zero  ? 

2.  What  are  the  celestial  latitude  and  longitudt^  of  this  point?  < 

3.  What  are  the  hour-angle  and  azimuth  of  the  zeiiitli  ? 

4.  What  angle  does  the  celestial  equator  make  with  the  horizon  at  a 
place  in  latitude  40°'i 
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6.  Name  the  fourteen  principal  points  on  the  celestial  sphere,  zenith, 
poles,  equinoxes,  eta, 

6.  What  important  circles  on  the  celestial  sphere  have  no  correlatiTes  on 
the  surface  of  the  earth? 

7.  What  are  the  aptavximate  right  aecenaion  and  declination  of  the  sun 
on  September  22? 

8.  If  a  certain  star  cubninates  (comes  4«  the  meridian)  at  eight  o'clock 
to-night,  at  what  time  will  it  culminate  ten  days  hence  1 

0,  What  is  the  altitude  of  the  sua  on  March  21  at  noon  for  an  observer 
in  latitude  40"  80'?  /  ■<     i 

ID.  On  March  21,  one  hoar  after  sunset,  whereabouts  iu  the  sky  would 
be  the  position  of  a  star  having  a  right  ascension  of  7  hours  and  a  decli- 
nation of  +  40",  the  observer  being  in  latitude  45"? 


EzEKCisES  ON  Ghapteb  IL 

1.  If  a  firefly  were  to  light  on  the  object-glass  of  a  telescope,  what  would 
be  the  appearance  to  an  observer  looking  through  the  instrument? 

2.  If  a  triangular  piece  of  paper  were  pasted  on  the  object^lass  of  a 
telescope  pointed  at  the  moon,  how  would  it  affect  the  appearance  of  the 
moon  as  seen  by  the  observer? 

3.  If  a  certain  eye-piece  gives  a  magnifying  power  of  60  when  used  with 
a  telescope  of  5  feet  focal  length,  what  power  will  it  give  when  used  on  a 
telescope  of  30  feet  focus  ? 

4.  If  the  wires  of  a  micrometer  (Fig-  29,  Art  73)  are  so  set  that,  used 
with  a  telescope  of  lU  feet  focal  length,  a  star  moving  along  the  right 
ascension  wire  will  occupy  15  seconds  in  passing  from  d  ta  e,  how  long  will 
it  take  when  the  micrometer  is  transferred  to  a  telescope  of  60  feet  focns  ? 

5.  What  is  theoretically  the  angular  distance  between  the  centres  of  two 
star  discs  which  are  just  barely  separated  by  the  Yerkes  telescope  of  40 

inches  aperture? 

S.  What  is  magnitude  of  1"  on  a  graduated  circle  of  2  feet  diameter? 

7.  Why  is  it  important  that  the  two  pivots  of  a  transit  instnunent 
should  be  of  exactly  the  same  diameter? 
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ExxBCisEs  oir  Chaptkr  III. 

1.  What  u  Uie  approximate  dip  of  the  horizon  from  a  hill  900  feet  high? 

2.  How  high  must  a  mountain  be  in  order  that  the  dip  of  the  horizon 
from  its  summit  may  be  2°? 

3.  Does  atmospheric  refraction  increue  or  decrease  the  apparent  size  of 
the  sun's  disc  when  it  ia  near  thb  horizon?    Why? 

4.  AMuming  the  horizontal  parallax  of  the  sun  at  8.8",  vhat  ia  the 
horizontal  parallax  of  Mara  when  nearest  us  at  a  distance  of  0.878  aatro- 
nomical  units? 

6.  What  is  the  greatest  apparent  diameter  of  the  earth  as  seen  from 
Mara? 

6.  What  is  the  horizontal  parallax  of  Jupiter  when  at  a  distance  of  6 
astronomical  units? 

7.  What  is  the  lowest  latitude  where  twilight  can  last  all  night?  Can 
it  do  ao  at  New  York?    At  London?     At  Edinburgh? 
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CHAPTER  IV. 

PROBLEMS  OP  PEACTICAL  ASTKONOMY,  LATITUDE,  TIU£^ 
LONQITDDE,  AZIMUTH,  AND  THE  RIGHT  ASCENSION  AND 
DECLINATION    OP    A    HEAVENLY    BODY. 

100.  TuEBB  are  certain  problems  of  Practical  AstrODOmy  which 
have  to  be  solved  ia  obtainiag  the  fundamental  facta  from  which 
we  deduce  our  knowledge  of  the  earth's  form  and  dimensions,  and 
other  aatronomical  data. 

The  first  of  these  problems  is  that  of  the  Latitude. 

DEFINITION  OF   LATITUDE. 
The  latitude  (astronomical)  of  a  place  (Art.  30)  is  simply  the  altt- 

iitde  of  the  celestial  pole.  (J'olhohe),  or,  what  comes  to  the  same  thing, 
as  is  evident  from  Fig.  7  (Art.  33),  it  is  the  declination  of  the  zenith. 
It  ma.y  also  be  defined,  from  the  mechanical  point  of  view,  as  the 
angle  between  the  plane  of  the  earth's  equator  and  the  observer's  plumbs 
line  or  vertical. 

Neither  of  these  definitions  asaumeH  anything  as  to  the  form  of  the  earth. 
This  astronomical  latitude  is  seldom  identical  with  the  geocentric,  or  even 
with  the  geodetic  or  chartographical  latitude  of  a  place  —  the  latitude  used  iu 
accurate  mapping.  It  ia,  however,  the  only  kind  of  latitude  which  can  be 
directly  determined  from  astronomical  observations,  and  its  determination 
is  one  of  the  most  important  operations  of  Economic  Astronomy. 

101.  Determinatioii  of  Latitude.  —  First :  By  Circumpolars.  The 
-most  obvious  method  of  determining  the  latitude  is  to  observe,  with 
the  meridian  circle  or  some  analogous  instrument,  the  altitude  of  a 
circumpolar  star  at  its  upper  culmination,  and  again,  twelve  hours 
later,  at  its  lower.  Each  of  the  observations  must  be  corrected  for 
refraction,  and  then  the  mean  of  the  two  corrected  altitudes  will  be  the 
latitude. 

This  method  has  the  advantage  of  being  an  independent  one  ;  i.e.,  it  does 
not  require  any  data  (such  as  the  declination  of  the  stars  used)  to  be  accepted 
on  the  authority  of  previous  observers.  But  to  obtain  much  accuracy  it 
requires  considerable  time  and  a  large  fiied  instrument.  In  low  latitudes 
the  refraction  is  also  very  troublesome. 
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108.  Second :  By  ths  meridian  altitude  or  zenith  distance  of  a 
body  of  knovm  declination. 

In  Fig.  87  tLe  semicircle  AQPB  is  the  meridian,  Q  and  P  being 
respectively  tlie  equator  and  tlie  pole,  and  Z  the  zenith.  QZ  is 
tbe  declination  of  the  zenith,  or  the  observer's  latitude  (=  PB=tfi). 
SnppOBe  now  that  we  observe  2s  (=:  I.),  the  zenith  distance  of  a 
star  e  (south  of  tbe  zienith) ,  as  it  crosses  the  meridian,  and  that  ita 
declination  Qs  {=  8.)  is  known  ;  then  evidently-  i^  i=  8,  +  {,. 

In  the  same  way,  if  tbe  star'  were  at   n,  between  zenith  and  pole. 

If  we  use  the  meridian  circle,  we  can  always  select  etars  that  pass  near 
tbe  zenith  where  the  refractign  will  be  small;  moreover,  we  can  select  them 
in  such  a  way  that  some  will  be  as  mnch  north  of  the  zenith  as  others  are 
eoutii,  and  thus  clminaie  the  refraction  errors.  But  we  have  to  get  our  star 
declinations  out  of  catalogues  made  by  previous  observers,  and  ho  the  method 
is  not  an  independent  one. 

108.  At  Sea  the  latitude  is  usual^'  obtained  by  obaeivingwith  the  sex- 
tant the  sun's  maximum  altitude,  which 
of  course  occurs  at  noon.  Since  at  sea 
it  is  seldom  that  one  knows  beforehand 
precisely  the  moment  of  local  noon, 
the  observer  takes  care  to  begin  to  ob- 
serve tbe  snn's  altitude  some  ten  or 
fifteen   minutes  earlier,   repeating  bis    _    „  " 

observations  every  minute  or  two.     At 

first  tbe  altitude  will  keep  increasing,  but  immediately  after  noon  it 
will  begin  to  decrease.  Tbe  obsei-ver  uses  therefore  the  maximum' 
altitude  obtained,  which,  corrected  for  relVactJon,  parallax,  seiui- 
diameter,  and  dip  of  the  horizon,  will  give  him  tbe  true  latitude  of 
his  ship,  by  tbe  formula  <j>  =  t±  H- 

104.  Third:  By  Circum-meridian  Altitudes. — If  the  observer  knows 
his  time  with  reasonable  accuracy,  he  cau  obtain  his  latitude  from  ohserva. 
tions  made  when  the  body  is  near  the  meridian,  with  practically  the  same 
precision  as  at  the  moment  of  meridian  passage.    It  would  take  ub  a  little 

>  On  account  of  the  sun's  motioD  in  declination,  and  the  northward  or  iouth- 
ward  motion  of  the  «hip  iUelf,  the  buu'i  maximum  altitude  is  usnally  attained 
not  pncitely  on  the  meridian,  but  s  few  secondi  earlier  or  later.  This  requires  a 
slight  correction  to  the  deduced  latitude,  expUined  in  books  on  Navigation  or 
Practical  Astronomy. 


D.gitizect.yG00glc 


74 


PBOBLEHB   OF  PAAOTICAl^  ASTBONOMY. 


/ 


too  {ar  to  expluo  the  method  of  rednctioD,  Tliioh  is  given  with  the  necessary 
tables  in  all  works  on  Practical  Astronomy.  The  great  advantage  of  this 
method  is  that  the  observer  is  not  restricted  to  a  single  observation  at  ea«h 
meridian-paaaage  of  the  aun  or  of  the  selected  atar,  but  can  utilize  the  half- 
hours  preceding  and  following  that  momeilt.  The  meridian-circle  cannot 
be  used,  as  the  instrument  must  be  aucb  sa  to  make  extra-meridian  observa- 
tions possible.  Uaually  the  sextant  or  universal  inatrument  ia  employed. 
Thia  method  is  much  used  in  the  French  and  German  geodetic  surveys. 

106.  Fourth  :  The  Zenith  Telescope  Method.  —  (Sometimes  known  as 
the  American  metliod,  because  first  practically  introduced  by  Captain  Talcott 
of  the  United  States  Engineers,  in  a  boundary  survey  in  1846.) 

The  essentia  charactetistlc  of  the  method   is  the  mierometric 
measoremeDt  of  the  difference  between  the  nearly  e^ual  zenith  <Jls- 
"  lances  of  two  stars  which  culmiDate 

within  a  few  minutes  of  each  other, 
one  north  and  the  otbec^aautb  of  the 
zenith,  and  not  very  far  from  it:  such 
pairs  of  stare  can  always  be  found. 
When  the  method  was  first  introduced, 
a  special  instrument,  known  as  the 
zenith  telescope,  was  generally  em- 
ployed, but  at  present  a  simple  transit 
instrument,  with  declination  microm- 
eter, and  a  delicate  level  attached  to 
the  telescope  tube,  is  ordinarily  used. 
The  telescope  ie  set  at  the  proper 
altifiide  for  the  star  which  first  comes 
to  the  meridian,  and  the  "  latitude 
level,"  as  it  is  called,  is  set  horizontalj 
as  the  star  passes  through  the  field  of 
view  ibi  distance  north  or  south  of  the 
central  wire  is  measured  by  the  micrometer.  The  instrument  is  then 
reversed,  and  so  set  by  turning  the  telescope  up  or  down  (wUhtut, 
however,  dUturHnff  the  angle  0  (Fig.  38)  between  the  level  and  tele- 
scope), that  the  level  is  again  horizontal.  After  this  reversal  and 
adjustment,  the  telescope  tube  is  then  evidently  elevated  at  exactly 
the  same  angle,  I,  as  before,  but  on  the  opposite  side  of  the  zenith. 
As  the  second  star  passes  through  the  field,  we  measure  with  the 
micrometer  its  distance  north  or  south  of  the  centre  of  the  field  ; 
the  comparison  of  the  two  micrometer  measures  gives  the  difference 
of  the  two  zenith  distances. 


no.  38.  —  Piluslple  of  tlie  Zanltll 


D.gitizect.yG00glc 


From  Fig.  37  we  have 

for  star  smith  of  zenith,  <A  =  £,  +  {, ; 
'for  star  north  of  zenith,  ^=K~  Cm-     '• 

Adding  the  ffro  equations  and  dividing  by  2,  we  hare 

*=C-^-)+(^-i^-> 

The  declinations,  8,  unA  8m  &re  given  in  the  star  catalogue,  acd  the 
micrometer  gives  (S,  —  8,).  Uanally,  also,  Rinall  correctioDs,  seldom  reach- 
ing 1",  must  be  addended  for  diffettniial  refractionH,  and  for  level-change, 

The  great  advant^^e  of  the  method  consists  in  its  dispensing  with  a 
gmduaUd  circle,  and  in  avoiding  almost  wholly  the  errors  due  to  refraction. 
Forty  years  ^o  it  was  not  always  easy  to  find  accurate  determinations  of 
the  declinations  of  the  stars  employed,  but  at  present  this  difficulty  has 
practically  disappeared,  so  that  this  method  of  determining  the  latitude  is 
now  not  only  the  most  convenient  and  rapid, 
hnt  is  quite  as  precise  as  any,  if  the  level  is  ,„ 

sufficiently  sensitive.  Evidently  the  accuracy 
depends  upon  the  exactness  with  which  the  , 
level  measures  the  slight,  but  inevitable,  dif- 
ference between  the  inclinations  of  the  instru- 
ment when  pointed  on  the  two  stars.  In  Dr. 
Chandler's  '<  Almucantar,"  an  instrument  need 
for  the  same  purpose,  the  telescope  preserves 
its  constant  inclination  automatically,  by  being 
mounted  upon  a  base  which  floats  in  mercury, 
thus  dispensing  with  the  level. 

106.  Fifth :  By  the  Prime  Vertical  Instrument  (p.  42). — We  observe 
simply  the  moment  when  a  known  star  passes  the  prime  vertical  on  the 
eastern  side,  and  again  upon  the  western  side.     Half  tike  interval  will  give  \/ 

the  hour-angte  of  the  star  when  on  the  prime  vertical ;  i.e.,  the  angle  ZPS 
in  Fig.  8B,  where  Z  is  the  zenith,  P  the  pole,  and  SZS'  the  prime  vertical. 
The  distance  PS  of  the  star  from  the  pole  is  the  complement  of  the  star's 
declination  ;  and  PZ  is  the  complement  of  the  observer's  latitude.  Since 
the  prime  vertical  is  perpendicular  to  the  meridian  at  the  zenith,  the  tri- 
angle PZS  will  be  right-angled  at  Z,  and  from  Napier's  rule  of  circular 
parts  (taking  ZPS  as  the  middle  part)  we  shall  have 

cos  ZPS  =  tan  PZ  cot  PS, 
or  cos  I         —  cot  ift  tan  £ ; 

wheaoe  tan  6       =  tan  £  sea  b 
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If  8  nearly  equals  ip,  I  will  bo  araall,  and  a  conBiderable  error  in  the  obsev 
ration  of  (  will  then  produce  very  little  change  in  ita  secant  or  in  the  coat 
puted  latitude. 

The  obserrations  &re  not  so  convenient  and  easy  as  in  the  case  of  the 
zenith  telescope,  and  the  number  of  stars  available  is  less ;  but  the  method 
presents  the  great  advantage  of  requiring  nothing  bat  an  ordinary  transit 
instrument,  without  any  special  outfit  of  micrometer  and  latitude  level. 
It  also  entirely  evades  the  difficulties  caused  by  refraction. 

107.  Sixth:  By  the  Onomon.  —  The  ancients  had  no  instruments 
Buch  as  we  have  hitherto  described,  and  of  couree  could  not  use  any 
of  the  preceding  methods  of  finding  the  latitude.  Tbey  were,  how- 
ever, able  to  make  a  very  respectable  approKimatioo  by  means  of  the 
simplest  of  all  astronomical  instniiiienta,  the  gnomon.  This  is  merely 
a  vei'tical  shaft  or  columu  of  known  height  erected  on  a  perfectly 
horizontal  plane ;  and  the 
v^  '^  \z  observation  consists  in  not- 

ing the  length  of  the  shadow 
cast  at  noon  at  certain  times  ^ 
of  the  year. 

Suppose,  for  instance,  that 
on  the  day  of  the  summer 
solstice,  at  dood,  the  length 
of  the  shadow  is  AC,  Fig.  40. 
The  height  AB  being  given, 
we  can  easily  compute  in 
the  right-angled  triangle  the 
angle  ABC,  which  equals 
SBZ,  the  atin's  zenith  dis- 
tance when  farthest  north.  Again  obser\'e  the  length  AD  of  the 
shadow  at  noon  of  the  shortest  day  in  mnter,  and  compute  the  angle 
ABD,  which  is  the  sun'a  corresponding  zenith  distance  when  farthest 
south.  Now,  since  the  aun  travels  equal  distances  north  and  south 
of  the  celestial  equator,  the  mean  of  the  two  results  will  give  the 
angular  distance  between  the  equator  and  the  zenith ;  i.e.,  the  decli- 
nation of  the  zenith,  which  (Art.  100)  is  the  latitude  of  the  place. 

The  method  is  an  independent  one,  like  that  by  the  observation  of  cir- 
cumpolar  stars,  requiring  no  data  eicept  those  whicb  the  observer  determines 
for  himself.  Evidently,  however,  it  does  not  admit  of  much  accuracy,  since 
the  penumbra  at  the  end  of  the  shadow  makes  it  impossible  to  measiu«  its 
length  very  precisely. 

It  should  he  not«d  that  the  ancients,  instead  of  designating  the  posidon 


na.  40.  —  IMItnda  bf  tha  dDDmon. 


D.gitizect.yG00glc 


DETBBHINATION   OP  TIME.  ?7 

of  a  place  by  meaoB  of  its  latitude,  used  its  climate  instead ;  the  climate 
(from  «\(*«)  being  the  slope  of  the  plane  of  the  celestial  equator,  the  angle 
AEB,  which  is  the  complement  of  the  latitude. 

For  the  use  of  the  gnomon  in  determining  the  obliquity  of  the  ecliptic 
and  the  length  of  the  year,  see  Art.  176.  Many  of  the  Egyptian  obelisks 
are  known  to  have  been  used  for  afltronomical  observations  and  were  prob- 
ably erected  mainly  for  that  purpose. 

For  numerous  other  methods  of  determining  the  Latitude,  see 
Chauvenet's  Practical  Astronomy. 

108.  Variatioii  of  Latitade  and  Kotion  of  the  Foleft.  —  It  has  long 
been  doubted  whether  latitudes  are  strictly  constant.  They  cannot 
be  so  if  the  axis  of  the  earth  shifts  its  position  within  the  globe, 
for  then  the  poles  must  also  move,  and  the  latitudes  of  places  will 
change  correspondingly.  Some  have  supposed  that  in  the  past 
there  have  been  great  changes  of  this  kind,  and  have  sought  thus  to 
explain  certain  geological  epochs,  as  for  instance  the  glacial  and  the 
carboniferous.  But  thus  far  no  confirmatory  evidence  of  such  dis- 
placement  has  appeared ;  nor  is  there  yet  any  absolute  evidence 
of  certain  slow,  continuous,  "secolat"  changes  which  have  been 
strongly  suspected. 

Theoretically  any  alteration  in  the  arrangement  of  the  matter 
of  the  earth,  by  elevation,  subsidence,  transportation,  or  denudation, 
must  almost  necessarily  disturb  the  axis  to  some  extent.  The  ques- 
tion is  merely  whether  we  can  observe  with  sufficient  accuracy  to 
detect  the  changes.  Within  the  past  few  years  this  limit  has  been 
reached,  and  we  now  have  conclusive  proof  of  slight,  but  unquestion- 
able, periodical  "variations  of  latitude."  The  first  satisfactory  evi- 
dence of  such  variations  was  obtained  from  observations  made  at 
Berlin  (by  KUstner)  and  at  other  German  stations  in  1888  and  1889. 
The  result  has  since  been  abundantly  confirmed  by  observations  in 
Russia,  France,  England,  the  United  States,  and  in  the  Sandwich 
Islands.  Moreover,  Dr.  S.  C.  Chandler  of  Cambridge  (U.  S.),  by  a 
brilliant  and  laborious  series  of  investigations,  finds  the  same  varia- 
tions exhibited  clearly  in  almost  every  extended  body  of  reliable 
observations  made  since  1750,  From  the  whole  mass  of  evidence 
he  concludes  that  the  movement  of  the  pole  is  composed  of  two  mo- 
tions, one  an  annual  revolution  in  a  narrow  ellipse  about  30  feet 
long,  but  varying  in  form  and  position,  the  other,  a  revolution  in  a 
circle  about  26  feet  in  diameter,  with  a  period  of  about  4^8  days: 
both  motions  are  counter-clock-wise.  The  resultant  motion  appears 
very  irregular,  and  varies  greatly  from  year  to  year. 
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Fig.  40*  (at  the  end  of  the  chapter,  page  95)  represents  the  Ktnal  motion 
from  1690  to  1895  aa  deduced  by  Albrecht  from  all  available  observations. 

The  polar  displacements  produce  also  slight  changes  of  Azimuth  in  geo- 
detic lines,  as  has  been  actualljr  observed  at  Polkowa  ;  and  a  minute  tide 
(only  a  fraction  of  an  inch),  which  theory  indicates  as  a  necessary  conse- 
quence of  shiftings  of  the  earth's  axis,  has  been  detected  in  the  Pacific  and 
Atlantic  oceans,  and  on  the  coast  of  Holland.  The  annual  component  of 
thb  polar  motion  is  very  likely  due  to  meteorological  causes  'which  follow 
the  seasons,  such  as  the  deposit  and  melting  of  snov  and  ice.  The  expla- 
nation of  the  428  day  component  is  not  yet  entirely  clear,  and  its  discussion 
would  take  us  too  far. 

It  is  likely  also  tliat  irregular  disturbances,  due  to  various  causes,  occa- 
eionally  modify  the  regular  periodic  motions. 


TIME   AND    ITS   DETERMINATION. 

109.  One  of  the  moBt  important  problems  presented  to  the 
asti'OQomer  is  tlie  determination  of  Time.  By  universal  consent  the 
apparent  rotation  of  the  heavens  is  made  to  furnish  the  standard, 
and  the  determination  of  time  is  effected  by  ascertaining  by  obser- 
vation the  fiour-angle  of  the  object  selected  to  mark  the  beginning  of 
the  day  by  its  traiisit  across  the  meridian.  In  practice  three  kinds  of 
time  ar^now  recognized,  viz.,  sidereal  time,  appartnt  solar  time,  and 
mean  solar  time. 

(For  definition  of  hour-angle,  see  Art.  24.) 

110.  Sidereal  Time.  —  Aa  has  already  been  explained  (Art  26), 
the  sidereal  time  at  any  moment  is  the  hovr-angle  of  the  vernal  equi- 
nox at  that  moment;  or,  what  comes  to  the  same  thing,  though  it 
sounds  differently,  it  is  the  time  marked  by  a  clock  which  is  so  set  and 
adjusted  tw  to  show  noon,  or  0"  00"  00*,  at  each  transit  of  the  vernal 
equinox.  The  sidereal  day,  thus  defined,  is  the  time  intervening 
between  two  successive  transits  of  the  same  star;  at  least,  it  is  so 
within  the  hundredth  part  of  a  second,  though  on  account  of  the 
precession  of  the  equinoxes  (and  the  proper  motions  of  the  stars) 
the  agreement  is  not  absolute,  the  difference  amounting  to  about 
one  day  in  twenty-six  thousand  years. 

111.  Apparent  Solar  Time.  —  Just  as  sidereal  time  is  the  hour- 
angle  of  the  vernal  equinox,  so  at  any  moment  the  apparent  solar 
time  is  the  hour-angle  of  the  sun.  It  is  the  time  shown  by  the  sun- 
dial, and  its  qooq  is  when  the  sun  crosses  the  meridian.     On  account 
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of  the  amrnal  eastward  motioa  of  the  sun  among  the  stars  (due  to 
the  earth's  orbital  motion),  this  day  is  about  four  minutes  longer 
than  the  sidereal;  i.e.,  while  the  earth's  revolution  brings  our  me- 
ridian back  to  a  given  star  in  just  twenty-four  (sidereal)  hours,  it 
takes  gjj;  of  a  day  longer  in  the  sun's  case.  Moreorer,  because  the 
sun's  motion  in  right  ascension  is  not  uniform,  the  apparent  solar 
days  are  not  all  of  the  same  length,  nor,  consequently,  its  hours, 
minutes,  or  seconds.  December  23d  is  fifty-one  seconds  longer  from 
(apparent)  upon  to  noon  than  September  16th.  For  this  reason, 
apparent  solar  time  is  not  satisfactory  for  scientific  use,  and  has 
long  been  discarded  in  favor  of  mean  solar  time. 

118.  Mean  Solar  Time. — A  "fictitious  tun"  is  therefore  im^ned, 
which  moves  uniformly  and  in  the  celestial  equator,  completii^  its 
annual  course  in  exactly  the  same  time  as  that  in  which  the  actual 
sun  makes  the  circuit  of  the  ecliptic.  It  is  mean  noon  when  this 
"  fictitious  snn  "  crosses  the  meridian,  and  at  any  moment  the  hour- 
angle  of  this  "fictitious  sun"  is  the  mean  tiine  for  that  moment. 

Sidereal  time  will  not  anewer  for  business  purposes,  because  its  noon  (the 
transit  of  the  vernal  equinox)  occurs  at  all  houra  of  night  and  daylight  in 
different  seasons  of  the  year.  Apparent  solar  time  is  scientifically  unsatiB- 
fsctory,  because  of  the  variation  in  the  length  of  ita  days  and  horns.  And 
yet  we  have  to  live  by  the  sun ',  its  rising  and  setting,  daylight  and  night, 
control  OUT  actions.  In  mean  solar  time  we  find  a  satisfactory  compromise, 
an  invariable  time  unit,  and  stUl  an  agreement  with  sun-dial  time  close 
enough  for  convenience.  It  is  the  time  now  used  for  all  purposes  except  in 
certain  astronomical  work.  The  difference  between  apparent  time  and  mean 
time,  uever  amounting  to  more  than  about  a  quarter  of  an  hour,  is  called 
the  tquation  of  time,  and  will  be  discussed  hereafter  in  connection  with  the 
earth's  orbital  motion,  Ch^.  VT. 

The  nautical  almanac  furnishes  data  by  means  of  which  the  sidereal 
time  may  be  deduced  from  the  corresponding  solar,  or  vice  versa,  by 
a  very  brief  and  simple  calculation.     See  Appendix,  Art  1000. 

113.  In  practice  the  problem  of  determining  the  time  always, 
takes  the  form  of  ascertaining  the  error  of  a  time-piece;  that  is,  the 
amount  by  which  a  clock  or  watch  is  fast  or  slow  of  the  time  it 
ought  to  show.  The  methods  most  in  use  by  astronomers  are  the 
following :  — 

First.  By  means  of  the  transit  instrujnent.  Since  the  right  ascen- 
sion of  a  star  is  the  sidereal  time  of  its  passage  across  the  meridian 
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(Art.  26) ,  it  is  obvious  that  the  difference  between  the  right  ascension 
of  a  IcuoTTQ  Btar  and  the  time  ehovn  by  a  eiidereal  clock  at  the  instant 
when  the  star  croe§e8  the  middle  vire  of  an  accuratel;  adjusted 
transit  instrument,  is  the  error  of  the  clock  at  that  moment.  Prac- 
tically, it  is  usual  to  observe  a  number  of  stars  (from  eight  to  ten), 
reversing  the  inBtniment  once  at  least,  so  as  to  eliminate  the  collinia- 
tioD  error  (Art.  60).  With  a  good  iustrument  a.  slcilled  observer  can 
determine  this  cloclt  error  or  "  correction  "  within  about  one-thirtieth 
of  a  second  of  time,  provided  proper  means  are  taken  to  ascertaio 
and  allow  for  bis  "  personal  equation." 

114.  Personal  Eqaation.  —  It  is  found  that  every  observer  has  his 
own  peculiarities  of  time  observation  with  a  transit,  and  his  '^personal 
equation"  is  the  amount  to  be  added  (algebraically]  to  the  time 
observed  by  him,  in  order  to  get  the  actual  moment  of  transit  as  it 
would  be  recorded  by  some  supposable  arrangement,  which  should 
automatically  register  the  moment  when  the  star's  image  was  bisected 
1^  the  wire. 

This  personal  equation  differs  for  different  observers,  but  is  reasonably 
(though  never  strictly)  constant  for  one  who  has  had  much  practice.  In  the 
case  of  observations  with  the  chronograph,  it  is  usually  less  than  *  0*.S.  It 
can  be  deterinined  by  an  apparatus  in  which  an  artificial  star,  resembling 
the  real  stars  as  much  as  possible  in  appearance,  is  made  (o  traverse  the  field 
of  view  and  to  telegraph  its  arrival  at  certain  wires,  while  the  observer  notes 
the  moments  for  himself. 

One  of  the  most  important  problems  of  practical  astronomy  now  awidting 
solution  is  the  contrivance  of  some  practical  inethod  of  time  observation 
free  from  this  annoying  human  element.  Attempts  are  being  made  to  ntiliie 
photography,  and  with  fair  prospects  of  success. 

If  mean  time  is  wanted,  it  can  be  deduced  from  the  sidereal  time 
by  the  data  of  the  almanac. 

The  sun  can  also  be  observed  instead  of  the  stars,  the  moment  of 
the  sun's  transit  being  that  of  apparent  noon ;  but  this  observatjon, 
for  many  reasons,  is  far  less  accurate  and  satisfactory  than  observa- 
tions of  the  stars. 

115.  Second.  The  method  of  equal  aHUudea.  —  If  we  observe  wHi 
a  sextant  in  the  forenoon  the  time  shown  by  the  chronometer  when  the 
sun  attains  the  height  indicated  by  a  certain  reading  of  tlie  sextant,  and 
then  in  the  afternoon,  the  time  when  the  sun  again  reachea  the  same 


D.gitizect.yG00glc 


DBTERMINATION    OP   TIME.  81 

altitude,  the  moment  of  apparent  moon  will  be  half-way  between  the 
two  observed  times ;  provided,  of  course,  that  the  chronometer  runs 
uniformly  during  the  interval,  and  also  provided  that  proper  correc- 
tion is  made  for  the  sun's  slight  motion  in  declination — a  correotion 
easily  computed. 

The  advantage  of  this  method  is  that  the  errors  of  graduation  of 
the  sextant  have  no  effect,  nor  is  it  necessary  for  the  observer  to 
know  his  latitude  except  approximately. 

Per  contra,  there  is,  of  course,  danger  that  the  afternoon  observa- 
tions may  be  interfered  with  by  clouds  ;  and,  moreover,  both  obser- 
vations must  be  made  at  the  same  place. 

A  modification  of  this  method  is  now  coming  into  extensive  use, 
in  which  two  different  stars  of  known  right  ascension  and  of  nearly 
the  same  declination  are  used,  at  equal  altitudes  east  and  west  of 
the  meridian. 

116.     Third.  Bi/  a  single  altitude  of  the  sun,  the  observer's  latitude 
being  known.  — This  is  the  method  uaualat  sea.  The  altitude  of  the  sun 
having  been  measured  with  the  sextant,  and  the  corresponding  time 
shown  by  the  chronometer  having  been  accurately  noted,  we  compute 
the  hour-angle  of  the  sun,  J", 
from  the  triangle  ZPS  (Fig. 
A^''''^         Auc-h       /x  ^^^'  *°^  ^'''^  hour-angle  cor- 

•^  ^^^       '     ^  rected  for  the   equation   of 

time,  gives  the  true  mean 
time  at  the  observed  moment. 
The  difference  between  this 
Jj(|-  and  that  shown  by  the  chro- 
nometer is  the  error  of  the 
chronometer.  In  the  triangle 
ZPS  all  three  of  the  sides  are  given,  viz. :  PZ  is  the  complement 
of  the  latitude  4,,  which  is  supposed  to  be  known ;  PS  is  the  com- 
plement of  the  declination  8,  which  is  found  in  the  almanac,  as  is 
also  the  equation  of  time  ;  while  ZS,  or  {,  is  the  complement  of  the 
sun's  altitude,  as  measured  by  the  sextant,  and  corrected  for  semi- 
diameter,  refraction,  and  parallax.     The  formula  is 

,i„  i  p_  /»"  t  K  +  (■»  -  8)] "°  >[;-(■»-  8)]')'. 

"  ^  cos  ^  cos  8  / 

In  order  to  accuracy,  it  is  desirable  that  the  sun  should  be  on  the 
prime  vertical,  or  as  near  it  aa  practicable.  It  should  not  be  near  the 
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meridian.  Any  slight  error  in  the  assumed  latitude  produces  no 
sensible  effect  upon  the  result,  if  the  sun  is  exactly  east  or  west  at 
the  time  the  observation  is  taken.  The  disadvantage  of  the  method, 
is  that  any  error  of  graduation  of  the  sextaut  vitiates  tbe  result 

Id  aome  cases  a  person  is  so  situated  that  it  is  necessary  to  determine  hia 
time  roQghly,  without  instrumeiita  ;  and  this  can  be  done  within  about  a 
balf  a  minute  by  establishing  a  noon-mark,  which  is  nothing  but  a  line 
drawn  exactly  north  and  south,  with  a  plumb-line,  or  same  vertical  edge, 
like  the  edge  of  a  door-frame  or  window  sash,  at  its  southern  extremity. 
The  shadow  will  then  alwajs  fall  upon  the  meridian  line  at  appartnl  noon. 

117.  The  Civil  and  the  Aitronomioal  Say.  —  The  agronomical  day 
begins  at  mean  noon.'  The  civil  day  begins  at  midnight,  twelve 
hours  earlier.  Astronomical  mean  time  is  reckoned  round  through 
the  whole  twenty.four  hours,  instead  of  being  counted  in  two  series 
of  twelve  hours  each.  Thus,  10  a.m.  of  Wednesday,  May  2,  civil 
reckoning,  is  Tuesday,  May  1,  22",  hy  astronomical  reckoning. 

LONGITUDE. 

118.  Having  now  methods  of  obtaining  the  true  local  time,  we 
can  attack  the  problem  of  longitude,  which  is  perhaps  the  most 
important  of  all  the  economic  problems  of  astronomy.  The  great 
observatories  at  Oreenwich  and  at  Paris  were  established  simply  for 
the  purpose  of  furnishing  the  observations  which  could  be  made  the 
basis  of  the  accurate  determination  of  longitude  at  sea. 

The  longitude  of  a.  place  on  the  earth  is  the  angle  at  the  pole  between 
the  meridian  of  Greenwich  and  the  meridian  passing  through  the  ok- 
server^s  place;  or  it  is  the  arc  of  the  equator  intercepted  between 
these  meridians ;  or,  what  comes  to  the  same  thing,  since  this  arc  is 
measured  by  the  time  rec^uired  for  the  earth  to  turn  sufficiently  to 
bring  the  second  meridian  into  the  same  position  held  by  the  first, 
it  is  simply  the  difference  of  their  local  times,  —  the  amount  by  which 
the  noon  at  Oreenwich  is  earlier  or  later  than  at  the  observer's  place. 
It  is  now  usually  reckoned  in  hours,  minutes,  and  seconds,  instead 
of  degrees. 

Since  it  is  easy  for  the  observer  to  find  his  own  local  time  by  the 
methods  which  have  been  given,  the  knot  of  the  problem  is  really 
this  ;  being  at  any  place,  to  find  the  corresponding  local  time  at  Green- 
wich without  going  there. 

1  There  is  a  proposition  to  make  die  astronomical  day  correspond  with  the 
civil,  which  has  met  with  some  favor.  But  practical  astronomen  dislike  to  have 
to  change  dates  at  midnight,  in  the  midst  of  their  work. 
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The  methods  of  finding  the  longitude  ma;  be  classed  onder  three 
different  heads : 

Fint,  By  means  of  signals  Bimultaneously  observable  at  the  places 
between  which  the  difference  of  longitude  is  to  be  found. 

Second,  B;  making  use  of  the  moon  as  a  clock-hand  in  the  aky. 

Third,  By  purely  mechanical  means,  such  as  chronometers  and 
the  telegraph.  This  is  the  modern  method,  and  the  best  wherever 
available. 

119.     UndeT  the  first  head  we  may  make  use  of 

^A]  A  Lunar  Eelipne.  —  When  the  moon  enters  the  shadow  of 
the  earth,  the  phenomenon  is  seen  at  the  same  momeut,  no  matter 
where  the  observer  may  be.  By  noting,  therefore,  his  own  local 
time  at  the  moment,  and  afterwards  comparing  it  with  the  time  at 
which  the  phenomenon  was  observed  at  Greenwich,  he  will  obtain  his 
longitude  from  Greenwich.  Unfortunately,  the  edge  of  the  earth's 
shadow  ia  so  indistinct  that  the  progress  of  events  is  very  gradual, 
so  that  sharp  observations  are  impossible. 

[B]  Eelip»ea  of  the  satellitet  of  Jupiter  may  be  used  in  the  same 
way,  with  the  advantage  that  they  occur  very  frequently,  — almost 
every  night,  in  fact ;  but  the  objection  to  them  is  the  same  as  to  the 
lunar  eclipses,  —  they  are  not  sudden. 

[C]  The  appearance  and  disappearance  of  meteors  may  be  and  has 
been  used  to  determine  the  difference  of  longitude  between  places 
not  more  than  two  or  three  hundred  miles  apart,  and  gives  very 
accurate  results.     (Now  superseded  by  the  telegraph.) 

[D]  Artifimal  signals,  such  as  flashes  of  powder  and  rockets,  can 
be  used  between  two  stations  not  too  far  distant.  Early  in  the  cen- 
tury the  difference  of  longitude  between  the  Black  Sea  and  the 
Atlantic  was  determined  by  means  of  a  chain  of  signal  stations  on 
the  mountain  tops  j  so  also,  later,  the  difference  of  longitude  between 
the  eastern  and  western  extremities  of  the  northern  boundary  of 
Kexico.     This  method  is  now  superseded  by  the  telegraph. 

180.     SECONn,  the  moan  regarded  as  a  clock. 

Since  the  moon  revolves  around  the  earth  once  a  month,  it  is,  of 
course,  continually  changing  its  place  among  the  stars ;  and  as  the 
laws  of  its  motion  are  now  well  known,  and  aa  the  place  which  it 
will  occupy  is  predicted  for  every  hour  of  every  Greenwich  day 
three  years  in  advance  in  the  nautical  almanac,  it  is  possible  to  de- 
duce the  corresponding  Greenwich  time  by  any  observation  which 
will  determine  the  place  of  the  moon  among  the  starsl    The  almanac 
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place,  however,  is  the  place  at  which  the  moon  would  be  Been  by  u> 
observer  at  the  cenire  of  the  earth,  and  coosequently  the  actaal  ob- 
■ervatioDS  are  in  most  cases  complicated   witb  very  disagreeable 
reduotious  for  parallax  before  they  can  be  made  available. 
Tbe  eimpleat  lunar  method  is, 

[A]  That  of  Moon  CtdminationB.  —  We  merely  observe  with  a 
transit  instrnment  the  time  when  tbe  moon's  bright  limb  croesea  the 
meridian  of  the  place ;  aod  immediately  after  the  moon  we  observe 
one  or  more  stars  with  the  same  instrument,  to  give  us  the  error 
of  our  clock.  As  the  moon  is  observed  on  the  meridian,  its  paral- 
lax does  not  atFect  its  right  ascension,  and  accordingly,  by  a  simple 
reference  to  the  almanac,  we  can  ascertain  the  Greenwich  time  at 
which  the  moon  bad  the  particular  right  aecensioD  determined  by 
the  observation.  The  method  has  been  very  extensively  used,  and 
would  be  an  admirable  one  were  it  not  for  the  effects  of  personal 
equation. 

It  seldom  happens  that  the  person&l  equation  of  t,n  observer  is  the  same 
for  socb  an  object  as  the  limb  of  the  moon  as  it  is  for  a  star;  and  since  tha 
moon's  motion  among  the  stars  is  very  alow,  the  effect  of  such  a  diffarenoe 
is  multiplied  by  about  30  (roughly  the  number  of  days  in  a  month)  in  its 
effect  upon  the  longitude  deduced. 

[B]  ZAinar-Distancea,  —  At  sea  it  is,  of  conrse,  impossible  to 
observe  the  moon  with  a  transit  instrument,  but  we  can  observe  its 
distance  from  tbe  stars  near  it«  patfa  by  means  of  a  sextant.  The 
distance  observed  will  not  be  tbe  same  that  it  would  be  if  the 
observer  were  at  tbe  centre  of  the  earth,  but  by  a  mathematical 
process  called  "clearing  a  lunar"  the  distance  as  seen  from  the 
centre  of  die  earth  can  be  easily  deduced,  and  compared  with  the 
distance  given  in  the  almaoac.  From  this  the  longitude  can  be 
deterraioed.  Any  error,  however,  in  measuring  a  lunar-distance 
entails  an  error  about  thirty  times  as  great  in  the  resulting  longitude, 
and  the  method  is  at  present  very  little  used,  the  moon  having  been 
superseded  by  the  chronometer  for  such  purposes. 

[C]  OccuUcUione.  —  OccasionaUy,  in  its  pass^^  through  the  sky, 
the  mooD  over-runs  a  star,  or"occu/(s"  it.  The  star  vanishes  instan- 
taneously, and,  of  course,  at  the  moment  of  its  disappearance  the 
distance  from  the  centre  of  the  moon  to  tbe  star  is  precisely  equal 
to  the  apparent  semi-diameter  of  the  moon ;  we  thus  have  a  "  lunar- 
distance  "  self -measured. 

Observations  of  this  kind  furnish  one  of  the  most  accurate  methods 
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of  determining  tbe  difference  of  longitude  between  widely  separated 
places,  the  only  difficulty  arising  from  tbe  fact  that  the  edge  of  the 
moon  is  not  smooth,  but  more  or  less  mountainous,  so  that  the  dis- 
tance of  a  star  from  the  moon's  centre  is  not  always  the  same  at 
tile  moment  of  its  disappearance. 

[D3  In  the  same  way  a  solar  eclipse  may  he  employed  by  observijig 
the  moment  toJten  the  moon's  ItTnb  touches  that  of  t?te  sun. 

It  will  be  noticed  that  these  two  last  methods  (the  methods  of  occuttation 
and  solar  eclipse)  do  not  belong  in  the  same  class  with  the  method  of  lunar 
eclipse,  because  the  phenomena  are  not  seen  at  the  same  iostaiit  at  difTereiit 
places,  but  the  calculation  of  longitude  depends  upon  the  detenu  i  nation  of 
the  moon's  place  in  the  sky  at  the  given  time,  as  seen  from  the  earth's 


Ttaero  are  still  other  methods,  depeodtng  upon  measurements  of 
tbe  moon's  position  by  observations  of  its  altitude  or  azimuth.  In 
all  such  cases,  however,  every  error  of  observation  entails  a  vastly 
greater  error  in  the  final  results.  Lunar  methods  (excepting  occul- 
tations)  are  only  used  when  better  ones  are  unavailable. 

121.  Finally  we  have  what  may  be  called  tbe  mechanical  methods 
of  determining  tbe  longitude. 

(|A]  By  the  chronom^er;  which  ia  simply  an  accurate  watch  that 
has  been  set  to  indicate  Greenwich  time  before  the  ship  leaves  port. 
In  order  to  find  the  longitude  by  the  chronometer,  the  sailor  bas  to 
determine  its  "error"  upon  local  time  by  an  observation  of  the  alti- 
tude of  the  SQD  when  near  the  prime  vertical,  as  indicated  on  page  78. 
If  the  chronometer  indicates  true  Greenwich  time,  t?te  error  deduced 
fivm  the  observation  wiU  be  the  longitude.  Usually,  however,  the  indi- 
cation of  the  chronometer  face  requii'es  correction  for  the  rate  and 
ran  of  the  chronometer  since  leaving  port. 

Chronometers  are  only  imperfect  instruniente,  and  it  b  important,  there- 
fore^  that  several  of  them  should  be  used  to  check  each  other.  It  requires 
three  at  least,  because  if  only  two  chronometers  are  carried  and  they  disagree, 
there  is  oothing  to  indicate  which  one  is  tbe  delinquent. 

-On  very  long  voyages  the  errors  of  chronometers  are  cumulative,  and  the 
uncertainty  aocurauiates  much  more  rapidly  than  in  proportion  to  the  time  ; 
I.e.,  if  the  error  to  be  feai'ed  in  the  use  of  a  chronometer  in  longitude  deter- 
minations at  the  end  of  a  week  is  about  two  seconds  of  time,  at  the  end  of 
tbe  month  it  would  be,  not  eight  seconds,  but  very  likely  twenty  or  thirty, 
owing  to  the  possible  change*  ofiu  rate  during  the  voyage. 

If,  therefore,  a  ship  is  to  be  at  sea,  without  making  port,  more  than  three 
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or  foor  months  at  a  time,  the  method  becomes  untrustworthy,  and  It  may  bo 
necessary  to  recur  to  lunar  dUtances ;  for  voyages  of  less  than  a  nontli  tho 
method  ie  now,  practically,  all  that  could  be  desired. 

[B]  But  the  method  which,  wherever  It  is  applicable,  has  super* 
teded  all  others,  is  that  of  The  Telegraph.  When  we  wish  to  find  the 
longitude  between  two  statJODS  counected  by  telegraph,  the  process 
is  usually  aa  follows :  The  observers  at  both  statiopB,  after  ascer- 
taining that  they  both  have  clear  weather,  proceed  to  determiae  their 
own  local  time  by  extensive  series  of  star  observations  with  the 
transit  instrument.  Then,  at  an  agreed-upon  time,  the  observer  at 
Station  A  "switobes  his  clock"  into  the  telegraphic  circuit,  so  that 
its  beats  are  communicated  along  the  line  and  received  npon  the  chron- 
ograph of  the  other,  say  the  western  station.  After  the  eastern  clock 
has  thus  sent  its  signals,  say  for  two  minutes,  it  is  switched  out  of 
the  circuit,  and  the  western  observer  now  switches  his  clock  into  tba 
circuit,  and  its  beats  are  received  npon  the  eastern  chronograph.  The 
operation  is  closed  bj-  another  series  of  star  observations. 

We  have  now  upon  each  chron<^raph  sheet  an  accurate  comparison 
of  the  two  clocks,  showing  the  amount  by  which  the  western  clock  is 
slow  of  the  eastern.  If  the  transmlseion  of  electric  signals  were 
instantaneous,  the  difference  shown  upon  the  two  chronograph  sheets 
would  agree  precisely.  Piactically,  however,  there  will  always  be  a 
small  discrepancy  amounting  to  twice  the  time  occupied  in  the  trans- 
mission of  the  signals ;  but  the  mean  of  the  two  differences  will  be 
the  true  difference  of  longitude  of  the  places  after  the  proper  correc- 
tions have  been  applied.  E^ctai  care  must  be  taken  to  determine 
with  accuracy,  or  to  eliminaie,  the  peraonal  equations  of  the  observert. 

It  is  cnstotnary  to  make  observations  of  this  kind  on  not  legs  than  five 
or  six  evenings  in  casea  where  it  ia  neceaaary  lo  determine  the  difference  of 
longitude  with  the  highest  accuracy.  The  ratronomical  difference  of  longi- 
tude between  two  plnoea  ciin  thus  be  telegraphically  determined  vnthin  about 
the  one4iundredth  part  of  a  second  of  time ;  i.e.,  within  about  ten  feet  or  so* 
In  the  latitude  of  the  United  States. 

It  may  be  noted  here  that  tlie  time  occupied  by  the  transmission  of  elec- 
tric signals  in  longitude  operations  is  not  lo  be  taken  aa  the  real  measure  of 
"the  velocity  of  the  electric  fluid ''upon  the  wires,  as  was  once  supposed. 
The  time  apparently  consumed  in  the  transmisaion  is  siznply  the  time  re- 
quired for  the  current  at  the  receiving  station  (which  current  probably 
hegim  at  the  very  instant  the  key  is  tonched  at  the  other  end  of  the  line)  to 
become  ttrong  tnoagk  to  do  its  work  in  making  the  signal  i  and  this  time 
depends  upon  a  multitude  of  circurastauoeB. 
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12S.  Local  and  Standard  Time.  —  In  coDoection  with  time  and 
longitude  determinatiDiis,  a  few  words  on  this  subject  will  be  in  place.  Un- 
til recently  it  has  always  been  customaiy  to  use  only  loeai  time,  each  observer 
determiDliig  his  own  time  by  his  own  observations.  Before  the  days  of  the 
telegraph,  and  while  travel  waa  comparatively  Blow  and  infrequent,  this  was 
best ;  l)ut  the  telegraph  and  railway  have  made  such  changes  that,  for  many 
reasons,  it  is  better  to  give  up  the  old  system  of  local  tinies  in  favor  of  a 
system  of  standard  time.  It  facilitates  all  railway  and  telegraphic  busi- 
ness ia  a  remarkable  degree,  and  makes  it  practically  easy  for  every  one  to 
keep  accurate  time,  since  it  can  be  daily  wired  from  some  observatory  to 
every  telegraph  office. 

According  to  the  system  that  is  now  established  in  this  country,  there  are 
fire  such  standard  times  in  use,  —  the  colonial,  the  eaBtern,  the  central,  the 
mountain,  and  the  Pacific, — which  differ  from  Greenwich  time  by  exactly 
four,  iive,  six,  seven,  and  eight  hours  respectively,  the  minutes  and  seeondi  being 
identical  enerytohere.  At  most  places  only  one  of  these  times  is  employed ; 
but  in  cities  where  different  systems  join  each  other,  there  are  two  standard 
times  in  use,  differing  from  each  other  by  eiactly  one  hoar,  and  from  the 
local  time  by  about  half  an  hour.  In  some  such  places  the  loeol  time  also 
maintains  its  place. 

In  order  to  determine  the  standard  time  by  observation,  it  ia  only  nec- 
essary to  determine  the  local  time  by  one  of  the  methods  given,  and  correct 
it  according  to  the  observer's  longitude  from  Greenwich. 

123.  Where  the  Day  Begins.  —  If  we  imagine  a  traveller  starting 
from  Greenwich  on  Monday  noon,  and  journeying  westward  as  swiftly  as  the 
earth  turns  to  the  east  under  his  feet,  he  would,  of  course,  keep  the  sou  exactly 
on  the  meridian  alt  day  long,  and  have  continual  noon.  But  what  noon? 
It  was  Monday  when  he  started,  and  when  he  gets  back  to  London,  twenty- 
four  hours  later,  it  is  Tuesday  noon  there,  and  there  has  been  no  intervening 
sunset.  When  does  Monday  noon  become  Tuesday  noon?  The  conven- 
tion b  that  the  change  of  date  occurs  at  the  180ii  meridian  from  Greenteich. 
Ships  crossing  this  line  Jram  the  east  skip  one  day  in  so  doing.  If  it  is 
Monday  forenoon  when  the  ship  reaches  the  line,  it  becomes  Tuesday  fore- 
noon the  moment  it  passes  it,  the  intervening  twenty-four  hours  being 
dropped  from  the  reckoning  on  the  log-book.  Vice  versa,  when  a  vessel 
crosses  the  line  JTom  the  mesttm  »ide.  It  counts  the  same  day  twice,  passing 
from  Tuesday  forenoon  back  to  Monday,  and  having  to  do  its  Tuesday  over 

This  ISOth  meridian  passes  mainly  over  the  ocean,  hardly  touching  land 
anywhere.  There  is  a  little  irregularity  in  the  date  upon  the  different 
islands  near  this  line.  Those  which  received  their  earliest  European  inhabi- 
tants via  the  Cape  of  Good  Hope  have,  for  the  most  part,  the  Asiatic  date, 
belonging  to  the  west  side  of  the  180th  meridian ;  while  those  that  were  ap- 
{miached  via  Cafa  Horn  have  the  American  date> 
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When  Alaska  was  transferred  from  Rusaia  to  the  United  States,  it  wu 
neccBsary  to  drop  one  day  of  the  week  from  the  official  dates. 


/ 


THE  PLACE  OP  A  SHIP  AT  8EA 


124.  The  determinatioD  of  the  place  of  a  ship  at  sea  u 
cially  of  such  importance  that,  at  the  risk  of  a  little  repetition,  we 
collect  blether  here  the  different  methods  available  for  its  determi- 
nation. The  methods  employed  are  necessarily  such  that  observa- 
tions can  be  made  with  the  sextant  and  chronometeri  the  only 
Instruments  available  under  tbe  circumstances. 

The  LatitTide  is  usually  obtained  by  observations  of  the  Ban's 
altitude  at  noon,  according  to  the  metliod  expldned  in  Art.  103. 

The  Lon^tnde  is  usually  found  by  determining  the  error  apon  local 
time  of  the  chronometer,  which  carries  Greenwich  time.  The  nec- 
essary observations  of  the  sun's  altitude  should  be  made  when  the 
sun  is  near  the  prime  vertical,  as  explained  in  Art.  116. 

In  the  ease  of  long  voyages,  or  when  the  chronometer  has  for  any 
reason  failed,  the  longitude  may  also  be  obtained  by  measuring  a 
lunar-distance  and  comparing  it  with  the  data  of  the  nautical  almanac. 

By  these  methods  separate  observations  are  necessary  for  the  lati- 
tude  and  for  the  longitude. 

125.  Snmner'B  Kethod.  —  Recently  a  new  method,  first  proposed 
by  Captain  Sumner,  of  Boston,  in  1843,  has  Iteeu  coming  lai^ely  into 
use.  In  this  method,  each  observation  of  the  snn's  altitude,  with  the 
corresponding  chronometer  time,  is  made  to  define  the  position  of  the 
ship  upon  a  certain  line,  called  tfie  circle  of  position.  Two  such  ob- 
servations will,  of  course,  determine  the  exact  place  of  the  vessel  at 
one  of  the  intersections  of  the  two  circles. 

At  any  moment  the  sun  is  vertically  over  some  point  npon-  the 
earth's  surface,  which  may  be  called  the  sitb-solar  point.  An  obaerrer 
there  would  have  the  sun  directly  overhead.  Moreover,  if  at  any 
point  on  the  earth  an  obsen'cr  measures  the  altitude  of  the  sun  with 
his  sextant,  Me  zenith  distance  of  the  sun  (which  is  the  complement 
of  this  altitude)  will  be  his  distawe  from  the  sub-solar  point  ai  the 
moment  of  observation,  reckoned  in  degrees  of  a  great  cirde. 

If,  then,  I  take  a  terrestrial  globe,  and,  opening  the  dividers  so  as 
to  cover  an  arc  equal  to  this  observed  zenith  distance  of  the  sun. 
put  one  foot  of  the  dividers  upon  the  sub-solar  point,  and  sweep  ft 
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circle  on  the  surface  of  the  globe  around  tbat  point,  the  observer 
maat  "be  somewhere  on  the  circumference  of  that  circle;  and  moreover, 
if  to  tbe  observer  the  sun  ie  in  the  sotUhwest,  he  himself  must  be  in 
the  opposite  direction  from  this  sub-solar  point;  i.e.,  northeast  of  it. 
la  other  words,  tbe  aximttth  of  the  sun  at  the  time  of  observation 
informs  blm  upon  what  part  of  the  circle  he  is  situated. 

Suppose  a  similar  observation  made  at  the  same  place  a  few  hours 
later.  The  sub-aolar  point,  and  the  zenith  distance  of  the  sun,  will 
have  changed ;  and  we  shall  obtain  a  new  circle  of  position,  with  ita 
centre  at  the  new  sub-solar  point.  The  observer  must  be  at  one  of 
its  two  ioterseotious  with  the  first  circle  —  which  of  the  two  inter- 
sections is  easily  determined  from  the  roughly  observed  azimuth  of 
the  Ban. 

If  tbe  ship  moves  between  the  two  observations,  the  proper  allow- 
ance must  be  made  for  the  motion.  This  is  easily  done  by  shift- 
iug  upon  tbe  chart  that  part  of  the  first  circle  of  position  where  the 
ship  was  situated,  carrying  the  line  forward  parallel  to  itself,  by  an 
amount  just  equal  to  the  ship's  run  between  the  two  observations, 
as  shown  by  the  log.  The  intersection  with  the  second  circle  then 
gives  the  ship's  place  at  the  time  of  (Ae  second  observation. 

The  only  problem  remaining  is  to  find  the  poeition  of  the  ■'  sub-solar 
point"  at  any  ^ven  moment.  Now,  the  UUUiide  of  thi» point  is  ob- 
viously tbe  declination  ef  the  sun  (which  is  found  in  the  almanac). 
If  the  sun's  declination  is  zero,  tbe  sun  is  vertically  over  some  point 
upon  the  equator.  If  its  declination  is  +  20°,  it  is  vertically  over 
some  point  on  the  twentieth  parallel  of  north  latitude,  etc- 

In  the  next  place,  its  longitude  is  equal  to  tbe  Oreenwich  a^pparent 
solar  time  at  the  moment  of  observation  ;  and  tbia  is  given  by  the 
clironomet«r  (which  Iceeps  Greenwich  mean  solar  time) ,  by  simply  add- 
ing or  subtracting  the  equation  of  time;  so  tiiat,  by  looking  in  his 
almanac  and  at  his  chronometer,  the  observer  has  the  position  of  the 
anb-Bolar  point  immediately  given  him. 

Suppose,  for  example,  that  on  May  20  (the  sun'a  declination  being  -H  90°), 
at  II  A.M.,  Greenwich  apparent  time  (i.e..  May  10,  ^3?'  by  astronomical  reck- 
oning), according  to  the  chronometer,  the  sun  is  observed  to  have  an  altitude 
of  40°  by  a  ship  in  the  North  Atlantic.  -  The  sab-eolar  point  will  then  be 
(Rg.  42)  at  a  point  in  Africa  having  a  latitude  of  +  SO",  and  an  east  longi- 
tude of  15* —  at  A  in  the  figure.  And  the  radius  of  the  "  circle  of  position," 
It^  the  distance  from  A  to  C—  will  be  50°. 

Again,  a  second  observation  is  made  three  hours  later,  when  the  sun's 
altitude  is  fonod  to  be  6^.    The  subpolar  point  will  then  be  at  B,  latitude 
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20°,  longitude  30°  W.,  and  the  radiiu  of  the  circle  of  popition  BC  will  be 
25°,  C  being  the  ship's  place. 

186.  It  IB,  hoverer,  eeldom  convenient  to  carry  a  large  globe, 
and  in  practice  the  uaual  procedure  is  the  following.  The  latitude 
of  a  sUp  is  always   known 

within  a  few  degrees  by  the 
"  dead-rechoning  " ;  suppose 
that  it  is  known  to  be  about 
60°  80'.  From  the  first  ob- 
servation calculate  (by  the 
methods  of  Art.  121)  what  the 
longitude  would  be  if  the  lati- 
tude were  60°,  and  also  if  it 
were  61°.  Mark  the  two 
points  on  the  charts  and  con- 
nect them  by  a  straight  line, 
which  will  be  (very  nearly)  a 
portion  of  the  first  circle  of 

position.     In  the  same  way  rm, «.- sumner-i  Method. 

obtain    a    second    "  position 

line  "  from,  the  second  obseryation.  The  intersection  of  the  two 
lines  will  give  the  ship's  place,  the  first  position  line  being  moved 
forward,  parallel  to  itself,  by  the  amount  of  the  ship's  motion  in  the 
interval  between  the  two  observations. 

The  peculiar  advantage  of  the  method  is,  that  a  single  observation 
is  used  for  all  it  is  worth,  giving  aecurately  the  position  of  a  line 
upon  which  the  ship  is  somewhere  situated,  and  approximateltf  (by 
the  rough  observation  of  the  sun's  azimuth)  the  part  of  that  line 
upon  which  its  place  will  be  found.  In  approaching  the  American 
coast,  for  instance,  if  an  observation  be  taken  in  the  forenoon,  the 
ship's  position  circle  will  lie  nearly  parallel  to  the  coast,  and  then  a 
sii^Ie  observation  will  give  approximately  the  distance  of  the  ship 
from  land,  which  may  be  all  the  sailor  wishes  to  know.  The  obser- 
vations need  not  be  taken  at  any  particular  time.  We  are  not  limited 
to  observations  at  noon,  or  to  the  time  when  the  sun  is  near  the  prime 
vertical.  It  is  to  be  noted,  however,  that  everything  d^end»  upon 
the  chronometer,  as  much  as  in  the  ordinary  chronometric  determi- 
nation of  longitude. 

187.  Setermination  of  Azimuth.  —  A  problem,  important,  though 
not  so  often  encountered  as  that  of  latitude  and  longitude  determina- 
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tions,  is  that  of  determining  the  azimuth,or  true  beari>uf,ofa  line  upon, 
the  earth's  turfaee.  The  process  is  this  :  With  a  theodolite  having 
an  accutately  graduated  horizontal  circle  the  obserrei  points  alter- 
nately upon  the  pole  star  and  upon  a  dis- 
tant signal  erected  for  the  purpose ;  the 
signal  being  an  artificial  star  conaisting  of 
a  small  hole  in  a  plate  of  metal,  vith  a 
bull's-eye  lantern  or  other  light  behind  it 
It  is  desirable  that  it  should  be  at  least 
a  mile  away  from  the  observer,  so  that 
any  small  displacement  of  the  instrument 
will  be  harmless.  The  theodolite  must 
be  carefully  adjusted  for  collimation,  and 
.  especial  pains  must  be  taken  to  have  the 
J  axis  of  the  telescope  perfectly  level. 

The  next  morning  by  daylight  the  ob- 
server measures  the  angle  or  angles  between  the  night-signal  and 
the  objects  whose  azimuth  is  required. 

If  the  pole  star  were  exactly  at  the  pole,  the  mere  difference 
between  the  two  readings  of  the  circle,  obtained  when  the  telescope 
is  pointed  on  the  star  and  on  the  signal,  would  directly  give  the 
azimuth  of  the  signal.  As  this  is  not  the  case,  however,  the  time 
at  which  each  observation  of  the  pole  star  is  made  must  be  noted,, 
and  the  azimuth  of  the  star  must  be  computed  for  that  moment. 
This  can  easily  be  done,  as  the  right  ascension  and  declination  of 
this  star  are  given  in  the  almanac  for  every  day  of  the  year. 


Recurring  to  the  Z.P.S-  [Eenith-pole-star]  triangle,  N  (Fig.43)  being  the 
north  point  of  the  horizon,  P  the  poitt,  and  NZ  the  meridian,  we  at  once 
see  that  the  aiile  PS  is  the  complement  of  the  star's  declination  ;  the  aide 
PZ  is  the  complement  of  the  observer's  latitude  (whicli  must  be  known); 
and  the  angle  at  P  is  the  difference  between  the  right  ascension  of  the  pole 
star  and  the  sidereal  time  of  the  observation  ;  [(f  — a)  if  the  star  is  west  of 
the  meridian  at  the  time,  and  (a  —  ')  if  it  is  east.]  This  will  come  out  in 
hours,  of  course,  and  must  be  reduced  to  degrees  before  making  the  com- 
pntation.  We  thus  hare  two  sides  of  the  triangle,  viz.,  PS  and  PZ,  witli 
the  included  angle  at  P,  from  which  to  compute  the  angle  Z  at  the  zenith. 
This  is  the  star's  azimuth. 

The  pole  star  is  used  because,  being  so  near  the  pole,  any  alight  error  in 
the  asmimed  latitude  of  the  place  or  in  the  sidereal  time  of  the  observation 
will  hardly  produce  any  eifeot  upon  the  result,  especially  if  the  star  be 
esuglit  between  fire  and  six  hours  before  or  after  its  upper  colmiiiatian,  at 
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a  time  irtwn  it  changes  its  azimuth  very  slowly  (near  S"  or  S"  in  the  figure). 
The  son,  or  any  other  heavenly  body  whose  position  is  given  in  the  almuiM^ 
can  also  be  ased  as  a  reference  point  in  the  same  way,  provided  snJBcieut 
pains  is  taken  to  secure  an  accurate  observation  of  the  time  at  the  instant 
irhen  tiie  pointing  is  made.  The  altitude  should  not  exceed  thirty  degrees 
or  so.  Bat  the  results  are  usually  rough  compared  with  those  obtained  by 
DMans  of  the  pole  star. 

DETEBMINATION  OP  THE  POSITION  OF  A  HEAVENLY  BODY. 

128.  The  position  of  a  heavenly  body  is  defined  by  ita  right 
aacensioQ  and  declination.    These  quantities  may  be  determined  — 

(1)  By  tlie  mwidian  circle,  provided  the  body  is  bright  enough  to 
be  seen  by  the  instrument  and  comes  to  the  meridiaa  in  the  night- 
time. If  the  iuBtruraent  is  in  exact  adjustment,  the  sidereal  (fm* 
ipAen  Vie  direct  crosses  the  middle  viire  of  the  reticle  of  the  instru'meKt  ti 
directly  (according  to  Art.  27)  the  right  ascension  of  the  object. 

The  reading  ol'  the  circle  of  the  iitstiuraent,  corrected  for  rcfi-action 
and  parallax  if  necessary,  gives  the  polar  distance  of  the  object,  if 
the  polarpoiiitof  the  circle  has  been  determined  (Art.  66)  ;  oritgives 
the  zenith  distance  of  the  object  if  the  nadir  point  has  been  deter- 
mined (Art.  67).  lu  either  case  the  declination  can  be  immediately 
deduced,  being  the  complement  of  the  polar  distance,  and  equal  to 
the  latitude  of  the  observer,  minus  the  distance  of  the  star  soutli  of 
the  zenith.  One  complete  observation,  then,  with  tlie  meridian  circle, 
determines  both  the  right  ascension  and  declination  of  the  object. 

It  is  often  better  to  use  the  instrument  "differentially,"  i.e.,  to  observe 
some  standard  star,  whose  place  is  already  accurately  known,  along  with  the 
object  whose  place  is  to  be  determined.  We  thus  obtain  the  difference  of 
their  Right  Ascensions  a.nd  Declinations,  and  slight  errors  in  the  graduation 
and  adjustment  of  the  instrument  aSect  the  final  result  far  less  than  in  an 
"absolute  "  determination. 

If  a  body  (a  comet,  for  instance)  is  too  faint  to  be  observed  by 
the  telescope  of  the  meridian  circle,  which  is  seldom  vory  powerful, 
or  if  it  does  not  come  to  the  meridian  during  the  night,  we  oauolly 
accomplish  our  object  — 

129.  (2)  By  the  Equatorial,  determining  the  position  of  the  body 
by  measuring  the  difference  of  right  ascetmion  and  declination  be- 
tween it  and  some  neighboring  star,  whose  place  is  given  in  a  star 
catalogue,  and  of  course  has  been  determined  by  the  meridian  circle 
of  some  observatory. 
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In  measuring  this  difference  of  right  ascension  and  declination,  we  usually 
employ  a  filar  micrometer  filted  like  the  reticle  of  a  meridian  circle.  It  car- 
ries a  cumber  of  wires  which  lie  north  and  south  in  the  field  of  view,  and 
these  &re  crossed  at  right  angles  by  oue  or  more  wires  which  can  be  moved 
by  the  micrometer  screw.  Tht  difference  of  right  ascension  between  the  star 
and  the  object  to  be  determined  is  measured  by  simply  observing  with  the 
chronograph  the  transits  of  the  two  objects  across  the  north  and  south 
wires ;  Ihe  difference  of  declination,  by  bisecting  each  object  with  one  of  (he 
micrometer  wires  as  it  crosses  the  middle  of  the  field  of  view.  The  ob- 
serred  difference  must  be  corrected  for  refraction  and  for  tiie  motion  of 
the  body,  ii  it  is  appreuable. 

Other  less  complicated  micrometers  are  also  in  use.  One  of  them,  called 
the  ring  micrometer,  consists  merely  of  an  opaque  ring  supported  in  the  field 
of  view  either  by  being  cemented  to  a  glass  plate  or  by  slender  arms  of 
met^  The  observations  are  made  by  noting  the  transits  of  the  comparison 
'  star  and  of  the  object  to  be  determined  across  the  onter  and  inner  edges  of 
the  ring.  If  the  radius  of  the  ring  is  known  in  seconds  of  arc,  we  can 
from  these  observations  dednce  the  differences  both  of  right  ascension  and 
declination.  The  results  are  less  accurate  than  those  given  by  the  wire 
micrometer,  but  the  ring  micrometer  has  the  advantage  that  it  can  be  used 
with  uij  telescope,  whether  equatorially  mounted  or  not,  and  requires  no 
adjustment. 

There  are  also  many  other  methods  of  effecting  the  same  object. 

130.  To  Compute  the  Time  of  Sunrise  or  Sunset.  —  To  solve  this  prob- 
lem, it  is  only  necessary  to  work  out  the  Z.l'.S,  triangle  and  find  the  honr-angle 
/',  having  given  precisely  tlie  same  data  as  in  finding  the  time  by  a  single 
altitude  of  the  sun  (Art.  1 10).  PZ  ia  the  observer's  co-tatitude,  PS  is  the 
complement  of  the  sun's  declination  (given  by  the  almanac);  and  the  true 
distance  from  the  zenith  to  the  centre  of  the  sun  at  the  moment  when  its 
upper  edge  is  at  the  horizon  is  90°  fMy,  which  is  made  up  of  90^,-1- 16'  (the 
mean  semi-diameter  of  the  sun),  plus  31'  (the  mean  refraction  at  the  horizon). 
The  resulting  hour-angle  P,  corrected  for  the  equation  of  time,  gives  the  mean 
time  (local')  at  which  the  sun's  upper  hmb  touches  the  horizon,  under  the 
average  circumstances  of  temperature  and  barometric  pressure.  If  it  is  very 
cold,  with  the  barometer  standing  high,  sunrise  will  be  accelerated,  or  sunset 
retarded,  by  a  considerable  fraction  of  a  minute.  If  the  sun  rises  or  sets 
over  the  aea-horizon,  and  the  observer's  eye  b  at  any  considerable  elevation 
above  the  sea-Ievel,  the  dip  of  the  horizon  must  also  be  added  to  the  90°  Sy 
before  making  the  computation. 

He  beginning  and  end  of  twilight  may  be  computed  in  the  same  w^ 
bgr  merely  substitatiug  108°  for  W^  W. 
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181.    To  Oompnt«  the  TIdia  of  the  Biiing  or  Setting  of  a  8tmr,  or 

of  the  KOOIL  —  In  the  case  of  &  star  we  computa  ita  hour-tuigle  at  the 
horizon  just  as  for  HUnrise,  only  using  90°  31'  for  the  zeaitb-distance  instead 
of  00°  50'.  The  hour-angle  added  to  the  star's  Right  Ascension  gives  the 
gidtreal  lime  of  its  setting  ;  bj  tvbtracting  the  hour-angle  we  get  the  sidereal 
time  of  its  rising.  The  sidereal  times  are  then  converted  into  local  mean- 
time by  the  data  given  in  the  Almanac     (Appendix,  Art.  1000.) 

The  rapid  motion  of  the  moon  complicates  the  problem  in  her  case,  and 
we  have  to  use  a  method  of  approximation.  We  begin  by  estimating  the 
Greenwich  time  of  moon-rise  as  nearly  as  we  can  without  actual  calculation. 
We  then  take  out  from  the  Almanac  the  moon's  Right  Ascension  and  Decli- 
nation for  that  moment  (the  Almanac  gives  the  data  for  every  hour).  With 
the  declination  and  the  latitude  of  the  place  we  compute  the  moon's  hour- 
angle,  taking  the  zenith-distance  as  80°  63',  since  the  horizontal  parallax  of 
the  moon  (57  >)  is  to  be  deducted  from  the  90°  50'  which  we  used  in  the 
case  of  the  sun.  The  hour-angle  thus  computed  is  then  subtracted  from  the 
moon's  Right  Ascension,  and  we  thus  get  an  approximate  tidereal  time  of 
moon-rise,  which  miist  be  converted  into  mean  time.  If  the  time  originally 
assumed  by  estimation  does  not  diifer  from  this  computed  result  by  more 
than  fifteen  minutes  or  so,  the  latter  may  be  taken  as  correct  within  a  frac- 
tion of  a  minute.  But  if  the  difference  is  greater,  we  must  have  recourse  to 
the  Almanac  again,  must  look  out  afresh  the  Right  Ascension  and  Declina- 
tion of  the  moon  corresponding  to  the  approximate  time,  as  computed,  and 
then  repeat  the  calculation  with  Ihe  new  data.  A  third  computation  is 
never  necessary. 


Exercises  on  Chapteb  IY. 
(In  cases  where  corrections  for  refraction  are  given  they  are  to  be  takan 
from  Table  VIII,  Appendix,  taking  into  account  the  temperature  and  baro- 
metric pressure  if  given  among  the  data.) 

1.  Given  the  following  meridian  circle  observations  on  Beta  Urate  Minoris 
at  its  upper  and  lower  culminations  respectively,  viz. ; 

55°  48'  06.0",  Temp.  30°  F.,  Barometer  80.1  inches. 
24°  58'  56.4"      "       25"  F.  "  30.1      " 

The  nadir  reading  (Art.  67)  was  270°  01'  06.8"  in  both  cases.  Required 
the  latitude  of  the  place  aifd  the  declination  of  the  star. 

Lat.  40°  20-  57.8". 
■  Dec.  74°  34' 40.1". 

2.  Given  the  meridian  altitude  of  the  snn's  lower  limb,  62°  24*  46",  the 
height  of  the  observer's  eye  above  the  sea-level  being  16  feet  (Art  81), 

The  sun's  declination  was  +  20°  S.'i'  10",  and  its  semidiameter,  15'  47". 
Its  parallax  at  the  observed  altitude  was  5",  and  the  mean  refraction  may 
be  used.     Required  the  latitude  of  the  ship.  Am.    +  48°  Ifl*  03". 
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3.  How  much  will  a  sidereal  clock  gain  a 
boUTB  and  30  minutea? 


1   D 


I.  43.5  » 


4.  How  many  times  will  the  seconda  band  of  a  sidereal  clock  overtake 
tbat  o£  a  solar  clock  in  a  solar  da;  if  they  start  together? 

Am.  28fltlinefl. 
C.  At  what  intemtls  do  the  coincidences  occnr  ? 

Aaa.   6  min.  5.242  sec. 

5.  In  determining  longitudes  by  telegraph  will  it  or  will  it  not  make  a 
difference  whether  ddereal  or  solar  clocks  are  used  by  the  obserren  ? 

7.  A  ship  leaving  San  Francisco  on  Tuesday,  October  12,  reacbes 
Yokohama  after  a  passage  of  exactly  sixteen  days.  On  what  day  of  the 
month  and  of  the  week  does  she  arrive? 


Fte.  40.*— Path  o(tb«£*rtta'<  Pole  bom  18S0 


In  this  figure  the  scale  is  hundredths  of  a  second  of  arc,  each  of  which 
is  very  iq)proximately  one  foot,      The  zero  at  the  bottom  indicates  the 
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direcljon  of  Greenwich  from  the  "  mean  pole,''  and  the  zero  at  the  left  hand 
(nearly)  that  of  Chicago  and  New  Orleans.  The  position  of  the  pole  is 
roarbed  for  each  third  month,  the  dotted  portions  of  the  curve  indicating 
times  during  which  no  actual  observations  were  avail  ah  le. 

It  is  to  be  borne  in  mind  that  olthongh  the  curve  is  based  on  observations 
at  more  than  a  dozen  different  stations,  yet  the  possible  error  of  the  plotted 
result  for  the  place  of  the  pole  at  a  given  moment  may  easily  be  four  or 
five  feet  in  error,  and  the  absolute  corieotnesa  of  the  curve  must  not  be 
t4x>  implicitly  accepted. 
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CHAPTER   V. 

THE  EARTH   AS   AN   ASTBONOMICAL   BODT. 

APPROXIMATE    DIMENSIONS.  —  PROOFS    OF    ITS    ROTATION.  — 
ACCDRATE    DETERMINATION     OP    ITS    POBM     AND    SIZE    BY 

GEODETIC   OPERATIONS    AND   PENDULUM   OBSERVATIONS 

ASTRONOMICAL    GEODETIC    AND    GEOCENTRIC    LATITUDE.  — 
DBTERMIKATION   OF  THE   EARTH'S   MASS   AND   DENSITY. 

138.  Hating  discussed  the  methods  of  making  astTonomical  ob- 
servations, we  are  now  prepared  to  consider  the  earth  in  its  astro- 
nomical relations ;  i.e.,  those  facts  relating  to  the  earth  which  ave 
ascertained  by  astronomical  methods,  and  are  similar  to  the  facts 
which  we  shall  have  to  consider  in  the  case  of  the  other  planets. 
The  facts  are  broadly  these  :  — 

1.  The  earth  is  a  great  ball,  about  7918  m.ilcs  in  diameter. 

2.  /(  rotates  on  its  axis  once  in  twenty-Jour  sidereal  hours. 

3.  It  is  Jlattened  at  the  poles,  the  polar  diameter  being  nearly 
twenti/seven  miles,  or  one  tieo  hutidred  and  ninety-fifth  jiart  less  tlian 
the  equatorial. 

4.  It  has  a  m^an  density  between  6.6  and  6.6  as  great  as  tliat  of 
vxUer,  and  a  mass  represented  in  tons  by  six  with  tiventy-one  ciphers 
after  it  (or  six  sextillions  of  tons,  according  to  the  French  numeration). 

6.  It  is  flying  through  space  in  its  orbital  motion  around  the  sim, 
with  a  velocity  of  about  nineteen  miles  a  second ;  i.e.,  about  seventy- 
five  times  as  swiftly  as  any  eannon-ball. 


183.  The  Earth's  Approximate  Form  and  Size.  —  It  is  not  neces- 
sary to  dwell  upon  the  ordinary  proofs  of  its  globularity.  We  merely 
mention  them.  1.  It  can  be  circumnavigated.  2.  The  appearance  of 
vessels  coming  in  from  sea  indicates  that  the  surface  is  everywhere 
convex.  3.  The  fact  that  the  sea-horizon,  as  seen  from  an  emi- 
nence, is  everywhere  depressed  to  the  same  extent  below  the  level 
line,  shows  that  the  surface  is  approximately  spherical.  4.  The  fact 
that  as  one  goes  from  the  equator  toward  the  north,  the  elevation  of 
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the  pole  increaaeB  proportiooally  to  the  distance  from  the  eqiiator 
proves  the  same  thing.  5.  The  skadow  of  the  earth,  as  seen  upon 
the  moon  at  the  time  of  a  lunar  eetipse,  u  that  which  only  a  sphere 
could  east. 

We  may  add  as  to  the  smoothness  and  globularity  of  the  earth, 
that  if  the  earth  be  represented  by  an  18-inch  globe,  the  difference 
between  the  polar  and  eqaatorial  diameter  would  only  be  about  one- 
sixteenth  of  an  inch,  the  highest  mountains  upon  the  earth's  surface 
would  be  represented  by  about  one-eightieth  of  an  inch,  and  the 
average  elevation  of  the  continents  would  be  hardly  greater  than 
that  of  a  film  of  varnish.  The  earth  is  really  relatively  smoother 
and  rounder  than  most  of  the  balls  in  a  bowling-alley. 

134.  The  best  method  of  ascertaining  the  size  of  the  earth —  in 
&ict  the  only  one  of  real  value  —  is  by  measuring  arcs  of  the  merid- 
ian in  order  to  ascertain  the  numdar  of  viiles  or  kilom,etres  in  one 
degree,  from  which  we  immediately  get  the  circumference  of  the 
earth.  This  measure  involves  two  distinct  operations.  One — the 
measure  of  the  number  of  miles  —  is  purely  geodetic;  the  other — 
the  determination  of  the  number  of  degrees,  minutes,  and  seconds 
between  the  two  stations  —  is  purely  aatronomicoL 

We  have  to  find  by  astronomical  observation  the  angle  between 
two  radii  drawn  from  the  centre  of  the  earth  to  the  two  stations 
(regarding  the  earth  as  spherical) ;  or,  what  is  the  same  thing,  the 
angular  distance  in  the  sky  between  their  respective  zeniths.  The  two 
stations  being  on  the  same  meridian,  all  that  is  necessary  is  to  meas- 
ure their  latitudes  by  any  of  the  methods  which  have  been  given  in 
Chapter  IV.  and  take  the  difference.  This  will  be  the  angle  wanted. 
If,  for  instance,  the  distance  between  the  two  stations  was  found  by 
measurement  to  be  120  miles,  and  the  difference  of  latitude  was 
found  by  astronomical  observations  to  be  1°  44'.2,  we  should  get 
69.27  miles  for  one  degree.  Three  hundred  and  sixty  times  this 
would  be  the  circumference  of  the  earth,  a  little  less  than  25,000 
miles,  and  the  diameter  would  be  found  by  dividing  thia  by  w,  which 
would  give  7920  miles. 

13B,  EratoBthenes  of  Alexandria  seems  to  have  understood  the  matter 
as  earty  aa  250  B.C.  His  two  stationa  wets  Alexandria  and  Syene  in  U^«r 
Egypt.  At  Syeue  he  observed  that  at  noon  of  the  longest  day  in  summer 
there  was  no  shadow  at  the  bottom  of  a  well,  the  snn  being  then  vertically 
overhead.  On  the  other  hand,  the  gnomon  at  Alexandria,  on  the  same  day, 
by  the  length  of  the  shadow,  gave  him  ^  of  a  circumferenoe,  or  7°  12'  aa 
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the  distance  of  the  Bun  from  the  zenith  &t  that  place,  which,  tberefoie,  is 
the  difference  of  latitude  between  Alexandria  and  Syeiie. 

The  weak  place  in  his  work  was  in  the  measurement  of  the  distance  be- 
tween the  two  places.  He  states  it  as  5000  stadia,  thus  making  the  circum- 
ference of  the  earth  250,000  stadia  ;  but  we  do  not  know  the  length  of  his 
stadium,  nor  does  he  give  any  account  of  the  means  by  which  he  measured 
the  distance,  if  he  measured  it  at  all.  There  seem  to  have  been  as  many 
different  stadia  among  the  ancient  nations  as  there  wore  kinds  of  "  feet "  in 
Burope  at  the  beginning  of  this  century. 

The  first  really  valuable  measure  of  the  arc  of  a  meridian  was  that  made 
by  Picard  in  Northern  France  in  1671— -the  measure  which  served  Newton 
so  well  in  his  verification  of  the  idea  of  gravitation. 

136.  An  approximate  measure  of  the  diameter  is  easily  obtained. 
Erect  upon  a  level  plain 

three  rods  in  Une,  a  mile  a  J (j 

apart,  and  cut  off  their 
tops  at  the  same  level, 
carefully  determined 
with  a  surveyor's  level- 
ling instrument.  It  will 
then  be  found  that  the  Fia.«.— OsnatanofttMEMrUi'sSnifM*. 

line  AC,  Fig.  44,  join- 
ing the  extremities  of  the  two  terminal  rods,  uAea  eorrecttd  for  refraction, 
passes  about  eight  inches  below  S,  the  top  of  the  middle  rod. 

Suppose  the  circle  ABC  completed,  and  that  £  is  the  point  on  the  cir- 
comfereitce  opposite  B,  so  that  BE  equals  the  diameter  of  the  earth  (=  2  R). 


■.BA  = 

BA  : 

BE, 

_BA* 
BD 

,orR 

_  BA' 
2BD' 

Now  BA  is  one  mile,  and  BD  =  J  of  a  foot,  or  ^^  of  &  mDe. 
Hence  2R  =  —^ — ,  or  7920  miles  :  a  very  fair  approximation. 

7920 
On  account  of  refraction,  however,  the  result  cannot  be  made  exact  by 
any  core  in  observation.     The  observed  value  of  BD  (uncorrected)  ranges 
from  4.5  inches  to  6.5,  according  to  the  state  of  the  weather. 


137.    The  Botation  of  the  Earth. — At  the  time  of  Copemiciifi  the 
only  argument  in  favor  of  the  earth's  rotation '  was  that  the  hypoth- 

1  The  word  rotate  denotes  a  spinning  motion  like  that  ol  a  wheel  on  Its  axis. 
The  word  revolve  is  more  general  in  its  application,  and  may  be  apidied  either  to 
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eais  wfks  more  probable  than  tliat  tiie  heaveoB  themselves  revolTed. 
All  phenomena  then  knoufii  ivuuM  be  sensibly  the  same  on  either 
Buppoaition,  A  little  Inter,  analogy  could  be  adduced,  for  when  the 
teleatiope  was  invented,  we  could  see  that  the  sun,  moon,  and  several 
of  the  planets  are  rotating  globes. 

At  present  we  are  able  to  adduce  ex[>erimental  proofs  which  abso- 
lutely demonstrate  the  earth's  rotation,  and  some  of  them  even  make 
it  visible. 

188.     1.  The  EtMltoard  Deviation  of  Bodies  faJliiig  from  a  Great 
Height.  —  The  idea  that  such  a  deviation  ought  to  occur  was  first 
suggested  by  Newton.     Evidently,  since  the  top  of  a  tower,  situated 
anywhere  but  at  the  pole  of  the  earth,  describes  every 
day  n  lai^er  circle  than  its  base,  it  must  move  faster. 
A  body  which  is  dropped  from  the  top,  retaining  its  ex- 
cess of  eastward  motion  as  it  descends,  must  therefore 
strike  to  the  east  of  the  point  which  is  vertically  under 
its  staL'ting-]X)int,  provided  it  is  not  deflected  in  its  fall 
by  tlie  resistance  of  tlie  air  or  by  air-currents.     Fig.  45 
illustrates  the  principle.     A  body  starting  from  A,  the 
top   of    the   tower,   reaches   the  earth  at   D  {BD  be- 
ing equal  veiy  np proximately  to  AA'),  while  during 
its  fall   the  bottom  of  the  toiTcr  has  only  moved  ftam 
Pio.  u.        B  to  B".     Tlie  experiments  are  delicate,  since  the  devi- 
EHiwurd  Uevu-  ation  IS   very  small,  and  it  is  not  easy  to   avoid   the 
uonoi»  '""s  effect  of  air-currents.     It  is  also  extremely  difQcultto 
get  balls  so  perfectly  spherical  that  they  will  not  sheer 
off  to  one  side  or  the  other  in  falling. 

The  best  esperimentn  of  this  kind  bo  far  have  been  those  of  Benzenberg, 
performed  at  Hatnburg  in  18(12,  and  those  of  Reich,  performed  in  1831,  in 
ail  abandoned  mine  shaft  near  Freiberg,  in  Saxotiy.  The  latter  obtained  a 
free  fall  of  520  feet,  and  from  the  mean  of  106  trials,  the  eastern  deviation 
observed  was  1.12  inches,  while  tlieory  would  make  it  1.08.  The  experiment 
also  gave  a  southern  deviation  of  0.17  of  an  inch,  unexplained  by  theory. 
Tt  seems  to  indicate  the  probable  eiTor  of  observation.  The  balls  in  falling 
sometimes  deviated  two  or  three  inches  one  side  or  the  other  from  the 
average. 

describe  lUL'h  a  spinning  motion,  or  (and  tliis  is  (he  more  usual  use  in  astronomj) 
to  describe  the  motion  of  one  bodj  around  another,  aa  that  of  the  earth  around 
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The  formnla  given  by  Wornu  in  hia  treatiBe  ou  "The  Earth  and  its 
Mechanism,"  ia 


where  x  is  the  deviation,  t  is  the  number  of  seconds  oconpied  in  fallmg,  T 
the  number  of  seconds  in  a  sidereal  day,  H  the  height  fallen  through,  and 
&  the  difference  between  H  and  the  height  through  which  a  body  would  fall 
in  t  seconds  if  there  were  no  resistance  (bo  that  ^■=\g&—H').  Finally,  ^  is 
the  latitude  of  the  place  of  observation.  In  latitude  45^  a  fall  of  576  feet 
should  give,  neglecting  the  resistance  of  the  ^r,  a  deviation  of  1.47  inches. 
The  resistance  would  increase  it  a  little. 

It  will  be  noted  that  ai  the  pole,  where  the  cosine  of  the  latitude  equals 
■sens  Me  experimeiU  faSt.    The  largest  deviation  is  obtuned  at  the  equator. 


139.     2.   FoacavIfB  Pendvlnm  Experiment. — In  1851  Foncault, 
that    moBt   ingenious    of    French 

pbyeiciatB,   devised   and  firet  exe-  ^r;         --    "  '^gj^, 

cated  an  experiment  which  actually 
shows  the  earth's  rotation  to  the 
eye.  From  the  dome  of  the  Pan- 
theon in  Paris  he  suspended  aheavy 
iron  ball  about  a  Toot  in  diameter 
by  a  wire  nmre  than  200  feet  long 
(Fig.  46).  A  circular  rail  some 
twelve  feet  aomas,  with  a  little 
ridge  of  sand  built  npon  it,  was 
placed  under  the  pendulum  in  such 
a  way  that  a  pin  attached  to  the 
swinging  ball  would  Just  scrape 
the  sand  and  leave  a  mark  at  each 
vibration.  The  ball  was  drawn 
aside  by  a  cx>tton  cord  and  allowed 
to  come  absolutely  to  rest ;  then 
the  cord  was  burned,  and  the  pen- 
dulum set  to  swinging  in  a  bue  fi^m.— fooobi 
plane;  but  this  plane  seemed  to 
deviate  dov^y  towards  tJie  right,  cutting  the  sand  in  a  new  place  at 
each  swing  and  shifting  at  a  rata  which  would  carry  it  completely 
around  in  about  thirty-two  hours  tf  the  pendulum  did  not  first  come 
to  rest.  In  fact,  the  floor  of  the  PaiitheGn  was  seen  turning  nndei 
(he  plane  of   tbe  pendulum's  vibration.     The   experiment  created 
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great  enthuBiaam  at  the  lime,  and  has  since  been  very  freqaentl} 
performed,  and  always  with  Babatantially  the  eame  resultB. 

140.  The  approximate  theory  of  the  ezperiment  is  very  simple. 
Such  a  pendulom,  consiBtiog  of  a  round  ball  buDg  by  a  round  wire  oi 
else  euBpended  on  &point,  so  aslobe  equdUy  free  to  smng  in  any  plane 
(unlike  the  common  clock  pendulum  in  this  freedom),  being  Bet  up 
at  the  pole  of  the  earth,  would  appear  to  shift  around  in  twenly-four 
hours.  Really,  the  plane  of  vibration  remains  invanable  and  the 
earth  turns  under  it,  the  plane  of  vibration  in  this  case  being  tm- 
affected  by  the  motion  of  the  earth.  This  can  be  easily  shown 
by  setting  np  a  similar  i^paratQB,  consisting  of  a  ball  hung  by  a 
thread,  upon  a  table,  and  then  tnndng  the  table  around  with  as  little 
Jar  as  possible.  The  plane  of  the  awing  will  remuo  unchanged  by 
the  motion  of  the  table. 

It  is  easy  to  see,  further,  that  at  the  eqnator  there  would  be  no  socb 
tendency  to  shift.  In  any  other  latitude  the  effect  will  be  intermedi- 
at«,  and  the  time  required  for  the  pendulum  to  complete  the  revolu- 
tion of  its  plane  will  be  twenty-four  hours 
divided  by  the  sine  of  the  latitude.  The  nortJi- 
em  edge  of  the  floor  of  a  room  (in  the  northern 
hemisphere)  Is  nearer  the  axis  of  the  earth 
than  its  southern  edge,  and  therefore  is  car- 
ried more  slowly  eastward  by  the  earth's  rota- 
L  tion.  Hence  It  mast  sJceto  around  continually, 
I  like  a  postage  stamp  gummed  upon  a  whirling 
/  glotie  anywhere  except  at  the  globe's  equator. 
The  sontiiem  extremity  of  eveiy  north  and 
south  line  on  the  floor  continually  w<M-kB  to- 
ward the  east  faster  than  the  northern  ex- 
tremity, causing  the  line  itself  to  shift  ita  direc- 
tion accordingly,  compared  with  the  direction 
it  had  a  few  minutes  before.  A  free  pendu- 
lum, set  at  first  to  swing  along  such  a  line,  must  therefore  apparently 
deviate  continually  at  the  same  rate  In  the  opposite  direction.  In 
Ibe  northern  hemisphere  Its  plane  moves  dexdroranm.;  i.e.,  with  the 
hands  of  a  watch :  in  the  southern,  its  motion  Is  st'ntstrorsum. 

141.  Suppose  a  parallel  of  latitude  drawn  thraugli  the  place  in  question, 
and  a  series  of  tangent  Tinea  drawn  toward  the  north  at  pointa  an  inch  or  so 
apart  on  this  parallel.  All  these  tangents  would  meet  at  Bome  point,  V,  Fig. 
17,  which  is  on  the  earth's  axis  produced ;  and  taken  together  these  tangenta 
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would  form  a  cone  with  ita  point  at  V.    Now  if  we  snppoM  this  cone  cut 
down  upon  one  eide  and  opened  np  (technically,  "  developed  "),  it  would  give 
ns  a  sector  of  a  circle,  as  in  Fig.  48,  and  the 
angle  F,  reckoned  around  from  A  to  A'  through 
B,  is  the  snm  total  of  all  the  angles  between 
all  the  adjacent  meridian  tai^nts  touching  the 
'  earth   on    that   parallel   (—  a  reentrant  angle, 
greater  than  180°,  in  the  figure).     Now,  first,  i 
the  circumference  of  the  parallel  (Fig.  47),  i 
the  arc  ABA',  which  measures  the  angle  V  : 
Fig.  48,  equals  2  v  X  AD  ;  and,  since  the  angle 
DAC  (Fig.  47)  ©quald  the  latitude,  AD  =  £ 
oos  ^  (4  being  the  latitude).     Hence  ABA'  = 
2  V  if  X  COB  ^.     Second,  the  radius  of  the  sector      pjg^  ^g^  — Uorolivod  Oono. 
in  Fig.  48  is  the  same  ae  AV,  the  side  of  the 

cone  in  Fig.  47 ;  and  since  in  Fig.  47  the  angle  ^ FD  =  ^  we  hare  Ar  = 
R  cot  ^  and  the  circumference,  ABA'm  =2  ir  R  cot  ^. 

-ABA'     _2)rflcoBA_    .      ,        a  .,_  o»ad   •     j. 

le.,  the  total  angle  described  bj  the  plane  of  the  pendulum  in  a  day  =  360° 
X  sin  of  the  latitude. 

At  the  pole  the  cone  produced  by  the  tangent  lines  becomes  a  little 
"button,"  a  complete  circle.  At  the  equator  it  becomes  a  cylinder,  and  the 
angle  is  zero. 

It  is  worth  noting  that  the  azimnthal  motion  of  any  star  at  the  horizon 
in  a  minute  of  time  is  16'  x  gin  ^, — the  lame  at  all  parti  of  the  hoHxon. 
See  Appendix,  Art  1001. 

Id  order  to  make  the  experiment  successfnlly,  many  precautions  most  be 
token.  It  is  specially  important  that  the  pendulum  should  vibrate  in  a  true 
plane,  without  any  lateral  motion.  To  secure  this  end,  it  must  be  carefully 
guarded  against  aU  jarring  motion  and  ur-cnrreDts.  To  diminish  the  effect 
of  all  such  disturbances,  which  will  always  occur  to  a  certain  extent,  the 
pendulum  should  be  very  heavy  aud  very  long,  and  of  course  the  suspended 
ball  must  be  truly  round  and  smooth.  Ordinary  clock-work  cannot  be  used 
to  keep  the  pendulum  in  vibration,  since  it  must  be  free  to  swing  in  every 
[dane.  Usually,  the  apparatus  once  started  is  left  to  itself  until  the  vibra- 
tions cease  of  their  own  accord  ;  but  Foucault  contrived  a  most  ingenious 
etecttical  apparatus,  which  we  have  not  space  to  describe,  by  means  of  which 
the  vibration  could  be  kept  up  for  days  at  a  time  without  receiving  any 
hurtful  disturbance  whatever. 

It  wUl  be  noticed  that  tbie  experiment  is  moat  effective  precisely  where 
the  experiment  of  falling  bodies  fails.  This  is  best  near  the  pole,  the  other 
at  the  equator. 

I4S.  3.  By  the  Oyroaeope,  an  experiment  also  due  to  Fonoanlt, 
and  proposed  and  executed  soon  after  the  pendulum  experiment 
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Tfae  iiietrument  ehown  in  Fig.  49  consists  of  a  wheel  8o  moanted  in 

gimhala  that  it  is  free  to  turn  in  every  direction,  and  bo  delicatelv 

balanced  tbat  it  will  stay  in  any  poaitioa  if  ondisturbed.     If   the 

wheel  be  set  to  rotating  rapidly,  it  toiU  maintain  the  directioti  of  ita 

axis   invariaiHe,   unless  acted  ripoa  hy  esiraneotta  force.     If,   then, 

we  set  the  axis  horizontal  and  arrange  a  microsoope  to  watch    a 

mark  npon  one  of   the  gim* 

bale,  it  will  appear  elovrly  to 

shift  ita  poaitioD  as  the  earth 

revolves,  in  the  same  way  as 

the  plane    of    the  pendulnm 

behaves. 

143.   4.  Then  are  man;  other 
phenomena  irtiicb  dqtend  npon 

and  really  demonstrate  the  earth's 
rotation.  We  merely  mention 
them: — 

a.  The  Demalim  of  Pr^'tctUa. 
In  the  northern  hemisphere  a 
projectile  always  deviates  towards 
the  right ;  in  the  southern  bemi- 
sphere  toward  the  latt. 
;  b.  The  Trade  Wind*. 

e.  The  Vorticose  Rerolvdm  oj 
ike  Wind  in  Cs/ctone*.  In  the 
northern  hemisphere  the  wind  in 
a  cyclone  moves  spirally  towards 
the  centre  of  the  storm,  whirKng 
eounler  eloeh-wite,  while  in  the 
southern  the  spiral  motion  is  with  the  handi  of  a  waich.  The  motion  is 
explained  in  either  ctuie  by  the  fact  that  currento  of  air,  getting  out  for  the 
centre  of  disturbance  where  the  cyclone  is  formed,  deviate  like  projectiles, 
to  the  right  in  the  northern  hembphere,  and  towards  the  left  in  the  sonthem 
bemisphere,  so  that  they  do  not  meet  ai^uarely  in  the  centre  of  disturbance. 
rf.  Tie  Ordinary  Law  of  Wind-change ;  that  is,  in  the  northern  hemisphere 
the  north  wind,  under  ordinary  circumstances,  changes  to  a  northeast,  a 
northeast  wind  to  an  east,  east  to  southeast,  etc.  When  the  wind  changes 
in  the  opposite  direction,  it  is  said  to  "iacil'' around.  In  the  sonthem 
hemisphere  it  of  course  usually  backs  around,  much  to  the  disconcertment 
of  the  early  Australian  settlers. 

It  might  seem  at  first  that  the  rotation  of  the  earth,  wliich  occnpies 
twenty-four  liours,  is  not  a  very  rapid  motion.     A  point  on  the  equa- 
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tor,  however,  has  to  move  nearly  one  thousand  miles  an  hour,  which 
ia  about  fifteen  hundred  feet  per  second,  and  very  nearly  the  speed 
of  a  oannoiL-ball. 


144.  InTari&bility  of  the  Earth's  Botation.  — It  is  a  question  of 
great  importance  whether  the  day  changes  its  len^h.  Theoretically 
it  must  almost  necessarily  do  so.  The  friction  of  the  tides  and  the 
deposits  of  meteoric  matter  upon  the  earth  both  tend  to  lengthen  it ; 
while  on  the  other  hand,  the  earth's  loss  of  heat  by  radiation  and 
consequent  shrinkage  must  tend  to  shorten  it.  Then  geological 
changes,  the  elevation  and  sabsidence  of  continents,  and  the  trans- 
portation of  matter  by  rivers,  act,  some  one  way,  some  the  other.  At 
present  it  can  only  be  said  that  the  change,  if  any  has  occurred  since 
astronomy  became  accurate,  lias  been  too  small  to  be  detected.  The 
day  is  certainly  not  longer  or  shorter  by  ^^j^  of  a  second  than  in  the 
days  of  Ptolemy,  and  prohaMy  has  not  changed  by  ^^^  of  a  second. 
The  criterion  is  found  in  comparing  the  times  at  which  celestial 
phenomena,  snch  as  eclipses,  transits  of  Mercury,  etc.,  occur.  For 
changes  in  the  position  of  the  axis,  see  Art.  108. 

in. 

145.  The  Earth's  Form,  more  accurately  stated,  is  that  of  a 
spheroid  of  revolution,  having  an  equatorial  radius  of  6,377,377  me- 
tres, and  a  polar  radius  of  6,366,270  metres,  according  to  Listing 
(1873)  i  or  of  6,378,206.4  and  6,366,683.8  respectively,  according  to 
Clarke.^  It  must  be  understood,  also,  that  this  statement  is  only  a 
second  approxiviati^m  (the  first  being  that  the  earth  is  a  globe). 
Owing  to  mountains  and  valleys,  etc.,  the  earth's  surface  does  not 
strictly  correspond  to  that  of  any  geometrical  solid  whatever. 

The  flattening  at  the  poles  is  the  necessary  consequence  of  the 
earth's  rotation,  and  might  have  been  cited  in  the  preceding  section 
as  proving  it. 

146.  There  are  three  ways  of  determining  the  form  of  the  earth  : 
one,  by  measurement  of  distances  upon  its  surface  in  connection  with 
the  latitudes  and  longitudes  of  the  points  of  observation.  Thia  gives 
not  only  the  form,  but  the  dimensions.  The  second  method  is  by  the 
observation  of  the  varying  force  of  gravity  at  various  points,  —  ob- 
servations which  are  made  by  means  of  a  pendulum  apparatus  of  some 

>  Hub  is  Cl&rke'a  epberold  ol  1860,  and  is  adopUd  by  the  United  States  Cooat 
ud  Geodetic  Surrey.    See  Appendix,  page  001,  for  his  spheroid  of  1878. 
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kiod,  and  determine  only  the  form-,  but  not  the  size  of  the  earth. 
The  third  method  is  by  means  of  certain  purely  astronomical  phe- 
nomena, known  as  "precession"  and  "nutation"  (to  be  treated  of 
hereafter),  and  by  certain  irregularities  in  the  motion  of  the  moon. 
ObserrationB  of  the  occultations  of  stars  at  widely  distant  stations  can 
also  be  utilized  for  the  aame  purpose.  All  the  methods  of  this  third 
class,  like  the  pendulum  method,  give  only  the /arm  of  the  earth. 

147.  1.  MeaavremeMa  of  Area  of  Meridian  in  Different  LatUvdes. 
—  To  determine  the  size  of  the  earth  regarded  as  a  sphere,  a  aingl« 
arc  of  meridian  in  any  latitude  is  sufficient.  Assuming,  however, 
that  the  earth  is  not  a  sphere,  but  a  spheroid  with  elliptical  meridians, 
we  must  measure  at  least  two  such  arcs,  one  of  which  should  be  near 
the  equator,  the  other  near  the  pole. 

The  aatTonomical  woTk  consists  simply  in  finding  with  the  greatest 
possible  accuracy  the  difference  of  liUitude  between  the  terminal  sta- 
tions of  the  meridian  arc.  The  geodetic  work  consists  in  measuring 
their  distance  from  each  other  in  miles,  feet,  or  metres,  and  it  is  this 
part  of  the  work  which  consumes  the  most  time  and  labor.  The 
process  is  generally  that  known  as  tri  angulation. 

Two  stations  are  selected  for  the  extremitiea  of  a 
base  lirte  six  or  seven  miles  long,  and  the  ground 
between  them  is  levelled  ss  if  for  a  railroad.  The 
distance  between  these  stations  (X  and  B  in  Fig.  50) 
is  then  carefully  measured  by  an  apparatus  especially 
designed  for  the  purpose  and  with  an  error  not  to 
exceed  half  an  inch  or  bo  in  the  whole  distance.  A 
third  station,  1,  ia  then  chosen,  so  situated  that  it  will 
be  visible  from  both  A  and  B,  and  all  the  angles  of 
the  triangle  AB  1  are  measured  with  great  care  by  a 
theodolit«.  A  fourth  station,  2,  ia  then  selected,  each 
^y  tliat  it  will  be  visible  from  A  and  1  (and  if  possible 
6  from  B  also),  and  the  angles  of  the  triangle  .-112  are 

Fts.  H.— ATriusnUUDn.  measured  in  the  same  way.  In  thismannor  the  whole 
ground  between  the  tno  terminal  stations  is  covered 
with  a  network  of  triangulstion,  the  two  terminal  stations  themselves  being 
made  two  of  the  triangulation  points.  Knowing  one  distance  and  all  the 
angU»  in  this  system,  it  is  possible  to  compute  with  great  accuracy  the  exact 
length  of  the  line  1  5  and  its  direction. 


The  sides  of  the  triangles  are  usually  from  twenty-five  to  thirty 
miles  in  length,  though  in  a  mountainous  country  not  infrequently 
much  longer  ones  are  available.     Generally  speaking,  the  fewer  the 
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stations  necessary  to  connect  the  extremities  of  the  arc,  and  the 
longer  the  lines,  the  greater  will  be  the  ultimate  accuraey.  In  this 
way  it  ia  possible  to  measure  distances  of  200  or  300  miles  with  a 
probable  error  not  exceeding  two  or  three  feet. 

Many  arcs  of  meridians  have  been  measured  in  this  way,  —  not  less  than 
twenty  or  thirty  in  different  parts  of  the  earth,  the  most  extensive  being  the 
30-caIled  Anglo-French  arc,  extending  more  than  twelve  degrees  in  length  ; 
the  Indian  arc,  nearly  eighteen  degrees  long ;  and  the  great  Rosao-Scandi- 
navian  arc,  more  thao  twenty-five  degrees  in  length,  and  reaching  from 
Haiumerfeat  to  the  mouth  of  the  Danube.  One  short  arc  has  been  measured 
in  South  America  and  one  in  South  Africa. 

In  a  general  way,  it  appears  that  the  higher  the  latitude  the 
longer  the  arc.  Thus,  near  the  equator  the  length  of  a  degree  has 
been  found  to  be  362,800  feet  in  round  numbers,  while  in  northern 
Sweden,  in  latitude  66°,  it  is  366,800  feet;  in  other  words,  the 
earth's  surface  is  fiatter  near  the  poles.  It  is  necessary  to  travel 
3000  feet  further  in  Sweden  than  in  India  to  increase  the  latitude 
one  degree,  as  measured  by  the  elevation  of  the  celestiid  pole. 

The  following  little  table  gives  the  length  of  a  degree  of  the  meridian  at 
difierent  latdtudea  :  — 

At  the  equator  one 

At  latitude  20°  " 
40°  - 


90°   ' 


.407 


The  difference  between  the  equatorial  and  polar  degree  of  latitude  is 
moie  than  eeven-tentha  of  a  mile,  or  over  3500  feet,  while  the  probable 
BITOT  of  measorement  cannot  exceed  more  than  a  foot  or  two  to  the  degree. 

It  will  be  understood,  of  coarse,  that  the  length  of  a  degree  at  the  pole 
U  obtained  by  extrapolation  from  the  meaaureB  made  in  lower  latitudes. 

148.  The  deduction  of  the  exact  form  of  the  earth  from  such 
measurements  is  an  abstruse  problem.  Owing  to  errors  of  observa- 
tion and  local  deviations  in  the  direction  of  gravity,  the  different  arcs 
do  not  give  strictly  accordant  results,  and  the  best  that  can  be  done 
is  to  find  the  result  which  mott  nearly  satisfies  all  the  observations. 

If  we  assume  that  the  form  is  that  of  an  exact  spheroid  ofi-evolution, 
with  all  the  meridians  trae  ellipses  and  all  exactly  alike,  the  problem 
is  simplified  somewhat,  though  still  too  complicated  for  discussion 
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here.  Theory  indicates  that  the  form  of  a  revolving  mass,  fluid 
enough  to  yield  to  the  forces  acting  in  such  a  case,  might,  and  prob- 
ably would,  be  such  a  spheroid;  but  other  forms  are  also  theoretically 
possible,  and  some  of  the  measurements  rather  indicate  that  the 
equator  of  the  earth  is  not  a  true  circle,  but  an  oval  flattened  by 
nearly  half  a  mile.  On  the  whole,  however,  astronomers  are  dis- 
posed to  take  the  ground  that  since  no  regular  geometrical  solid 
whatsoever  can  absolutely  represent  the  form  of  the  earth,  we  may 
as  well  assume  a  regular  spheroid  for  the  standard  surface,  and  con- 
sider all  variations  from  it  as  local  phenomena,  like  hills  and  valleys. 

149,  Each  raeasureraent  of  a  degree  of  latitude  gives  the  "radiutof 
curvature,"  as  it  ia  called,  of  the  meridian  at  the  degree  measured.  The 
length  of  a  degree  from  44°  30'  to  45°  aO',  multiplied  by  57.29  (the  number 
of  degrees  in  a  radian),  gives  the  radius  of  the  <-'oscidatory  circle,"  which 
would  juat  fit  the  curve  of  the  meridian  at  that  point.  Having  a  table  giv- 
ing the  actual  length  of  each  degree  of  latitude,  we  could  construot  the 
earth's  meridian  graphically  as  follows  :  — 

Draw  the  line  AX,  Fig.  51.  On  it  layoff  Aa,  equal  to  the  radius  of  curva- 
ture of  the  first  measured  degree  (that  is,  57.-3  times  the  length  of  the  degree). 


and  with  a  as  centre,  describe  an  : 


Badli  of  CnrvMore  of  the 


taking  the  angle  AaB  just  one 
degree.  Next  produce  the  line  Baiiab, 
making  Bb  the  radius  of  curvature  of 
the  second  degree,  and  draw  this  second 
degree-arc ;  and  so  proceed  until  the 
whole  ninety  have  been  drawn.  This 
will  give  one-quarter  of  the  meridian, 
and  of  course  the  three  other  quarters 
are  all  just  like  it.  a,  b,  c,  etc.,  are  called 
the  >'centreB  of  curvature"  of  the  diifer- 
ent  degrees. 

If  we  assume  the  curve  to  be  an  el- 
lipse, then  the  equatorial  senidiameter, 
A  0,  and  the  polar,  PO,  are  given  respec- 
tively  by  the  two  formulas,  A0=  ^qp* 
and  PO  =  ^(["p,  g  and  p  being  the  radii 


of  curvature  {Aa  and  Pe  in  the  figure)  at  the  equator  and  pole. 


150.  The  "ellipiicity"  or  "obla/eness"  of  an  ellipse  is  the  frac- 
tion found  by  dividing  the  difference  of  the  polar  and  equatorial 
diameters  by  the  eq^uatorial,  and  is  expressed  by  the  equation 
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In  the  case  of  the  earth  this  is  ^Ij,  according  to  Clarke's  spheroid, 
of  1866.  Until  within  the  last  few  years  Besael's  smaller  value, 
viz.,  ,1,,  was  generally  adopted.  Listing's  larger  value,  j^g,  is 
now  preferred  by  some. 

The  ellipticity  of  an  ellipse  must  not  be  confounded  with  its  eccen^ 
tricity.     The  latter  is  


and  is  always  a  much  larger  numerical  quantity  than  the  ellipticity. 
In  the  case  of  the  earth's  meridian,  it  is  j^j  as  against ,};.  Its 
symbol  ie  usually  e. 

151.  -Am  of  lonffilade  are  also  available  for  determining  the  earth's 
form  and  size.  On  a  spherical  earth  a  degree  of  longitude  measured  along 
any  paiallal  of  latitude  would  be  equal  to  one  degree  of  the  equator  multi- 
plied by  the  cosine  of  the  latitude.  On  an  oblate  or  orange-shaped  spheroid 
(the  surface  of  which  lies  wholly  within  the  sphere  having  the  same  equator) 
the  d^rees  of  longitude  are  evidently  everywhere  shorter  than  on  the  sphere, 
the  difference  being  greatest  at  a  latitude  of  45°. 

In  fact,  area  in  any  direclion  between  slalinm  of  tohick  both  the  latitude  and 
longitude  are  knoim  can  he  utilized  for  the  purpose  ;  and  thus  the  extensive 
surveys  that  have  been  made  in  different  countries  have  given  us  a  pretty 
accurate  knowledge  of  the  earth's  dimensions.  It  is  very  desirable  that  in 
some  way  the  chain  of  actual  measurements  should  be  extended  from  the 
eastern  continent  to  the  western,  but  the  immense  difficulties  of  so  doing 
are  obvious. 

At  present  the  distance  from  a  point  on  the  earth's  surface  (say  the  ob- 
servatory at  Washington)  to  any  other  point  in  the  opposite  hemisphere 
(say  the  observatory  at  the  Cape  of  Good  Hope)  is  uncertain  to  perh^M  the 
extent  of  a  quarter  ot  a  mile. 

152.  2.  Pendulum  ExperivieTUa.  —  Since  (Physics,  p.  76), 
,  therefore,  g=^-^; 


-VF" 


we  can  therefore  measure  the  variations  of  the  force  of  gravity,  g, 
at  different  parts  of  the  earth,  either  by  taking  a  pendulum  of  in- 
variable length  and  determining  t,  the  time  of  its  vibration ;  or  by 
measuring  the  length,  ^  of  a  pendulum  which  will  vibrate  seconds. 
Extensive  surveys  of  this  sort  have  been  made,  and  are  still  in  prog- 
ress, and  it  is  found  that  the/orce  of  gravity  at  the  pole  exceeds  that 
at  the  equator  fry  aiout  ^ii]  part.     In  other  words,  a  person  who 
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weighs  190  pounds  at  the  equator  Qn/  a  tpring  balance)  would,  if 
canied  to  the  pole,  show  191  pounds  by  the  same  balaDce. 

The  apparatus  moet  used  at  present  for  the  purpose  of  measuring  the 
force  of  gravity  is  a  modification  of  the  so^alled  Rater's  pendulum.  The 
pendulum  itself  now  usually  employed,  as  constructed  by  Bepsold,  consists 
of  a  brass  tube  about  three  inches  in  diameter  and  about  four  feet  long : 
the  two  ends  are  alike  in  form,  but  one  end  is  weighted  and  the  other  is 
light.  Two  parallel  knife  edges  are  inserted  through  the  rod  at  right  angles, 
one  near  the  heavy  end  and  the  other  at  just  the  same  dbtance  from  the 
lighter  one,  and  the  weighte  and  dimensions.of  the  apparatus  are  so  adjusted 
that  the  time  of  vibration  idil  be  very  appT07»mately  Ike  game  vAelher  the  pendu- 
Iwa  is  swung  heavy  end  up  or  light  end  up,  and  wUt  be  wAfar  frtmt  one  tecond. 
The  distance  between  the  knife  edges  will  then,  according  to  the  theory  of 
the  pendulum,  be  very  nearly  equal  to  the  length  of  a  simple  pendulum 
vibrating  in  the  same  time ;  and  the  small  difference  can  be  accurately  cal- 
culated when  we  know  the  exact  time  of  vibration,  each  end  up.  The  knifa 
edges  swing  on  agate  planes  which  are  fastened  upon  a  firm  support ;  and 
great  pains  must  be  taken  to  have  the  support  really  firm.  Professor  Peime 
of  our  Coast  Survey  a  few  years  i^o  detected  important  errors  in  a  majority 
of  the  earlier  pendulum  observations,  due  to  insufficient  care  in  this  respect 

1S2*.  In  1891  Professor  MendenhaU,  then  superintendent  of  the  United 
States  Coast  Survey,  greatly  improved  the  apparatus  by  substituting  for  the 
seconds  pendulum  a  half-seconds  one,  and  enclosing  it  in  a  tight  case  ex- 
hausted of  air.  This  renders  the  instrument  much  more  manageable  and 
portable,  and  avoids  almost  entirely  the  troublssome  and  uncertain  correc- 
tion for  the  resistance  of  the  air.  Two  little  mirrors,  one  attached  to  the 
pendulum  itself  and  the  other  fixed  near  it  in  the  case,  give  the  means  of 
observing  the  pendulum  swing  by  watehing  the  reflection  of  a  flash  produced 
electrically  every  second  by  the  clock  or  chronometer  which  furnishes  the 
time.  With  this  apparatus  the  determinations,  however,  are  merely  relative, 
the  pendulum  being  used  simply  as  "  invariable,"  without  inversion.  A 
somewhat  similar,  but  less  elaborate  arrangement,  with  a  half«econds  pen- 
dulum, was  still  earlier  introduced  in  Europe  by  Von  Stemeck. 

IfiS.  The  observations  consist  in  comparing  the  pendulum  with  a  clock, 
either  by  noting  the  "  coincidences,"  or  by  an  electrical  record  automatically 
made  on  a  chronograph.  The  observations  need  to  be  carefully  corrected 
for  temperature  (which,  of  course,  afiecte  the  distance  between  the  knife 
'  edges),  for  the  length  of  arc  through  which  the  pendulum  is  swinging,  and 
for  the  retigtance  of  Ike  air.  The  observations  determine  the  "force  ofgrar- 
ity"  (French  " pesanteur "y  at  the  station.  This  "force  of  gravity,"  how- 
ever, thus  determined,  is  not  simply  the  earth's  attraction,  but  includes  also 
the  effects  of  the  centrifugal  force,  due  to  the  earth's  rotation,  which  we 
must  consider  and  allow  for. 
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EFFECT  OF  CENTRIFUGAL  FORCE  DUE  TO  EARTH'S  ROTATION. 

104.     At  the  equator  the  eentrifugal  force  acta  vertically  in  direct 
opposition  to  gravity,  and  is  given  by  the  well-known  formula 

(see  Physics,  p.  17),  in  which  V  is  the  velocity  of  the  earth's  sur- 
face at  the  equator,  and  B  the  earth's  radius.  Since  V  is  equal  to 
the  earth's  circumference  divided  by  the  number  of  seconds  in  a 
sidereal  day,  we  have 


Kow  R,  the  radius  of  the  earth,  equals  20,926,000  feet;  and  t  equals 
86,164  mean-time  seconds.  C,  therefore,  comes  out  0.111  feet,  which 
is  ,i,  of  g,  g  being  32}  feet 

We  may  remark  in  pasBiDg  that  if  the  rate  of  rotation  were  seventeen 
times  as  great,  C  would  be  17',  or  289  times  greater  than  now,  and  would 
equal  gravity  ;  so  that  on  that  supposition  bodies  at  the  equator  wonld 
weigh  absolutely  nothing,  and  any  gTeat«r  velocity  of  rotation  would  aend 
them  flying. 

At  any  other  latitude,  since  MN^  OQ  cos  MOQ^  the  centrifugal 
force,  e,  equals  (7  cos  ^,  acting  at  right  angles  to  the  axis  of  the  eartbv^ 
and  parallel  to  the  plane  of  the  equator.     Nov,  this  centrifugal  fevfe* 
e  is  not  wholly  effective  in  diminishing  -    -'  '' 

the  weight  of  a  body,  but  only  that  por- 
tion of  c  (MR  in  Fig.  62)  which  is 
directed  vertically,  c  is  MT  in  the 
figure,  and  MR  is  equal  to  c  multiplied 
by  the  cosine  of  i^,  which  finally  gives 
us  Cx  cos'i^  for  the  amount  by  which 
the  centrifugal  force  diminishes  gravity 
at  a  station  whose  latitude  is  ^. 

Every  determination,  therefore,  of  the 
"force  of  gravity,"  obtained  by  the  pendulum,  needs  to  be  increased 
by  the  quauti^ 

J. 
289 


■  X  oos*^, 


■Tbisisnot  exact,  since  IfVin  an  oblate  spheroid  is  leas  than  OQ  x  cos  MOQ; 
but  the  difference  is  unimportant  in  tbe  case  of  the  earth. 
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in  order  to  get  the  real  value  of  the  earth's  gravitationaZ  attraction 
at  the  point  of  obBervation. 

The  other  component  of  c  (viz.  JIfiS)  acts  ftt  right  angles  to  gravity  and 
parallel  to  the  earth's  surface,  and  is  given  by  the  formula 

Ccos«Bin^  =  JCMn2^. 
The  direction  of  still  water  is  determined  by  the  resnltant  of  the  earth's 
attraction  combined  with  this  deflecting  force  acting  towards  the  equator ; 
BO  that  this  surface  is  not  perpendicular  \a  a  line  drawn  towards  the  centre 
of  the  earth  anywhere  excepting  at  the  equator  and  the  poles. 

1S6.  Having  a  series  of  pendulum  observations,  we  can  then  form 
a  table  showing  the  force  of  gravity  at  each  station ;  and  correcting 
this  by  adding  the  amount  of  the  centrifugal  force  at  each  place,  ire 
shall  have  the  force  of  the  earth's  attraction.  This  is  greater  the 
nearer  each  station  is  to  the  centre  of  the  earth  ;  but  unfortunately 
there  is  no  simple  relation  connecting  the  force  with  the  distance. 
The  attraction  depends  not  only  on  the  distance  from  the  centre  of 
the  earth,  but  also  upon  the  form  of  the  earth  and  the  constitution 
of  its  interior,  and  the  arrangement  of  ite  strata  of  different  density. 
We  may  safely  assume,  however,  that  the  earth  is  made  up  eoncen- 
tricalli/,  BO  to  speak ;  the  strata  of  equal  density  being  arranged  like 
the  coats  of  an  onion.  On  this  hypothesis  Clairaut,  in  1742,  demon- 
strated the  relation  given  below,  whioh  is  always  referred  to  as 
Clair aut's  equation. 

Let  w  be  the  loss  of  weight  between  the  equator  and  the  pole, 
and  C  the  centrifugal  force  at  the  planet's  equator,  both  being  ex- 
pressed as  fractions  of  the  equatorial  force  of  gravity,  and  let  d  be 
the  ellipticity  of  the  planet. 

Then,  as  Clairaut  proved. 


whence 

In  the  case 

of  the  earth, 

whence 
which  gives 

C=j5g,  and  »  =  jg5, 
1 
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But  the  diCeieikt  results  obtained  from  pendulum  observations 
range  all  the  way  from  ^1,  to  ,}p. 

109*.  Ab  regards  the  purely  astronomical  methods,  the  one  which 
depends  on  precestion  and  nutation  requires  assumptions  respecting  the 
distribution  of  matter  within  the  earth  which  render  the  result  somewhat 
uncertain.     Harknesa  deduces  by  it  a  value  of  ,^. 

The  lunar  perturbation  from  which  the  oblateness  of  the  earth  can  be 
calculated  is  very  small  (only  about  8"),  and  hardly  well  enough  determined 
as  yet.  According  to  Harkaess  the  values  obtained  from  it  range  between 
,ig  and  ,^T. 

The  obeervations  of  star-occultations  during  lonar  eclipees  are  not  yet 
BuRlciently  numerous  to  furnish  a  reliable  value. 

Considering  all  the  data  it  can  only  be  said  that  the  oblateness  probably 
lies  between  ,Jg  and  ,^,  and  probably  nearer  the  latter  limit  than  the 
other.  Harkness,  in  his  "adjusted"  system  of  astronomical  constants,  gives 
as  his  final  result L.  . . .. 

/  1S6.  Attroaomioal,  Oeographical,  and  OMeentrii)  Latitadw. — 
The  astronomical  latitude  of  a  place  has  been  defined  as  the  elevation 
of  the  pole,  or,  what  comes  to  the  same  thing,  it  is  the  angle  between 
the  plane  of  the  equatttr  and  the  direction  of  gravity  at  that  place, 
however  that  direction  may  be  affected  by  local  causes. 

The  ffeocentrie  latitude,  on  the  other  hand,  is  the  angle  made  at 
the  centre  of  the  earth  (aa  the  word  im- 
plies) between  the  plane  of  the  equator 
and  a  line  drawn  from  the  observer  to  the 
centre  of  the  earth,  which  line  of  course 
does  not  coincide  with  the  direction  of 
gravity,  since  the  earth  rotates,  and  is  not 
spherical. 

The  geographical  or  geodetic  latitude  of 
a  station  is  the  angle  formed  with  the  plane 
of  the  equator  by  a  line  drawn  from  the 
station  perpmdicular  to  the  surface  of  the 
itandard  tpheroid. 

If  the  earth's  surface  were  ilrietlg  spheroidal,  and  there  were  no  local  varia- 
tioiu  of  gravity,  the  astronomical  latitude  and  the  geographical  latitude 
would  coincide  —  and  they  never  differ  greatly ;  but  the  geocentric  latitude 
differs  from  them  by  a  veiy  considerable  quantity  —  as  mnch  aa  11'  in 
latitude  45°.  The  geocentric  latitude  is  but  little  used  except  in  certain 
■sbonomical  calculations  where  parallax  is  involved. 
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In  fig.  63,  the  angle  MOQ  is  the  geocentric  latitude  of  M,  while  MNQ  is 
the  geographical  latitude.  MNQ  ia  also  the  astronomical  latitude,  unless 
there  is  some  local  dUturbance  of  the  direction  of  gravity.  The  angle  OMN, 
which  is  the  difference  between  the  geocentric  and  astronomical  latitudes,  is 
called  "  tht  angle  of  ihe  vertical." 

157.  It  will  be  noticed  that  the  astroDomical  latitude  of  a  place  is 
the  only  one  of  these  three  latitudes  which  is  determined  direcUy  by 
observation.  In  order  to  know  tlie  geocentric  and  geographical  lati- 
tudes of  a  place,  we  roust  know  the  form  and  dimensions  of  the  earth, 
which  are  ascertained  only  by  the  help  of  observatione  made  elsewhere. 

The  geocentric  degrees  are  longer  near  the  equator  than  near  the 
poles,  and  it  is  worth  noticing  that  if  we  farm  a  table  giving  the  length 
of  each  degree  of  geographical  latitude  from  the  equator  to  the  pole, 
the  same  table,  read  backwards,  gives  the  length  of  geocentric  degrees. 

Since  the  earth  is  ellipsoidal  instead  of  spherical,  it  is  evident  that 
lines  of  "  level "  on  the  earth's  surface  are  affected  by  the  earth's  ro- 
tation. If  this  rotation  were  to  cease,  the  direction  of  gravity  would 
be  so  much  changed  that  the  Gulf  of  Mexico  would  run  up  the  Mis- 
sissippi River,  because  the  distance  from  the  centre  of  the  earth  to 
the  head  of  the  river  is  less  by  some  thousands  of  feet  than  the 
distance  from  the  mouth  of  the  river  to  the  centre  of  the  earth. 

158.  Station  Errors.  —  The  irregularitiea  in  the  direction  of  gravity 
are  by  no  means  insensible  aa  compared  ^rith  the  accuracy  of  modem  astro- 
nomical observation,  and  the  difference  between  the  astronomical  latitude 
and  lon^tude  of  a  place  and  the  geographical  latitude  and  longitude  of  the 
same  place  constitute  what  is  called  the  "etalion  error."  In  the  eastern  part 
of  the  United  States  these  station  errors,  according  to  the  Coast  Survey 
observations,  average  about  Ij".  Errors  of  from  i"  to  S"  are  not  uncom- 
mon, and  in  mountainous  countries,  as  for  instance  in  the  Caucasus  and  iu 
Northern  India,  these  errors  occasionally  amount  to  30"  or  40".  They  are 
not  "  errors  "  in  the  sense  that  the  astronomical  latitude  of  the  place  has  not 
been  determined  correctly,  but  are  merely  the  effects  of  the  irregular  distri- 
bution of  matter  in  the  crust  of  the  earth  in  altering  the  direction  of  gravity. 
Pendulum  observations  show  local  variations  in  the  force  of  gravity  quite 
proportional  to  the  deviations  which  the  station-errors  show  in  its  direction. 

rv. 

159.  Thfl  Earth'!  Kasi  and  Density.  — The  ■  mass '  of  a  body  is  the 
quantity  of  matter  that  it  contains,  the  unit  of  moss  being  the  quantity 
of  matter  contained  in  a  certain  arbitrary  body  which  is  taken  as  a 
standard.    For  instance,  a  "kilogram"  ia  the  quantity  of  matter 
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contained  in  the  block  of  platinum  preaerred  at  Paris  as  the  stand- 
ard of  mass.  A.  pound  is  similarly  defined  by  reference  to  the  pro- 
totypes at  Washington  and  London. 

Two  masses  of  matter  are  defined  as  equal  which  require  the  name 
eaependiture  of  energy  to  give  them  the  same  velocity;  or,  vice  versa, 
thoee  are  equal  which,  when  they  have  the  same  velocity,  possess  the 
tame  energy,  and,  in  giving  up  their  motion  and  coming  to  rest,  do  the 
same  amount  of  work  (i.e.,  they  have  the  sam,e  "inertia"). 

Masses  can  therefore  be  compared  by  subjecting  tbem  to  the  action  of 
some  given  force  (stress),  and  comparing  the  energiei  developed  in  them 
irben  they  have  moved  equal  distances,  or  the  velocities  attained  at  the  end 
of  a  given  tinu. 

160.  Proportionality  of  Man  to  Weight  —  Newton  showed  by 
his  experiments  with  pendulums  of  different  substances,  that  at  any 
given  point  the  attraction  of  the  earth  for  a  body  of  any  kind  of 
matter  is  proportional  to  the  mass  of  that  body  ;  the  attraction  be- 
ii^  measured  as  a  pull  or  "stress"  in  this  case,  and  called  "the 
weight"  of  the  body.  In  other  and  more  common  language,  the 
mass  of  a  body  is  proportiofial  to  its  vmght  (we  must  not  say  it  is  its 
weight),  provided  the  weighing  of  the  bodies  thus  compared  is  done, 
in  cases  where  scientific  accuracy  is  essential,  at  the  same  place  on 
the  earth's  surface.  Practically,  therefore,  we  usually  jneasure  the 
matses  of  bodies  by  nmply  weighing  tkem.^  It  is  to  be  carefully  ob- 
served, however,  that  the  words  "  kilogram,"  *'  pound,"  "  ton,"  etc., 
have  also  a  secondary  meaning,  as  denoting  units  of  pull  and  push, 
—  of  "stress,"  speaking  strictly  and  technically,  —  or  of  "force," 
as  that  much  abused  word  is  very  generally  used. 

It  is,  from  B,  literary  point  of  view,  jnst  as  proper  to  speak  of  a  strtss  or  a 
puU  of  a  hundred  poands'  as  of  a  mau  of  a  hundred  pounds,  but  the  word 
"  pouod  "  means  on  entirely  different  thing  in  the  two  cases.  At  the  sur- 
face of  the  earth  the  relation  between  the  ideas,  however,  is  ao  close  that 
the  way  in  which  the  ambiguity  came  about  is  perfectly  obvious,  and  it  is 
hardly  probable  that  language  will  ever  change  so  as  to  remove  it.  To  a 
certain  extent  it  is  admittedly  unfortunate,  and  the  student  must  always  be 
on  his  guard  against  it.  At  the  earth's  surface  a  mam  of  ItiO  pounds  always 
"  weight "  veiy  nearly  100  pounds  ;  but,  to  anticipate  slightly,  at  an  elevation 


1  See  note  at  the  end  of  chapter,  page  123. 

*  The  BclenUflc  and  unambiguous  unit  of  stress  ts  the  dyne,  which  equals 
tlw  weight  at  Parte  of  Tji.vi  of  a  gram,  — neaiiy  1.02  roilUgiama. 
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of  4000  mileB  above  the  waiwx,  the  s&ms  mass  would  "  veigh  "  only  25 
pounds  ;  at  the  distanoe  of  the  moon  about  half  an  ounce ;  vhik  on  the 
Borfaoe  of  the  ann  it  would  "  weigh  "  nearly  2800  pounds  (of  etreit). 

161.  Etravity.  —  The  law  of  gravitation  discovered  by  Hewton 
declares  that  any  particle  of  matter  attracts  any  other  particle  with  a 
force  {"stress,"  if  the  bodies  are  prevented  from  moving) pr<^>ortional 
inversely  to  the  square  of  the  distance  between  them,  and  directly  to 
the  product  of  their  masses;  or,  aa  a  formtila,  we  may  write, 


in  which  3f,  and  Mt  are  the  two  masses,  and  d  the  distance  between 
them,  while  6*  is  a  constant  numerical  factor  which  depends  apon 
the  aysteni  of  nnits  employed. 

It  ia  known  as  the  "  Newtonian  Constant "  or  the  "  Constant  of  Gravita- 
tion," being  supposed  to  muntain  the  same  value  throughout  the  universe. 
According  to  the  mo«t  recent  determination, — that  of  Boys  in  1893 
(Art.  166),  —  its  value  in  the  C.  G.  S.  system  (centimetre^ram^eoond)  is 
666  X  tO~'°  dynes ;  i.e.,  two  balls,  each  having  a  mass  of  one  gram,  and  with 
their  centres  one  centimetre  apart,  would  attract  each  other  with  a  force 
(ttreis)  of  068  ten-thousand-million ths  of  a  dyne.  i^^/'-^^v^  ' 

The  "  acceleration  "  of  a  particle  due  to  the  attraction  of  a  mass,  M,  at 

distance,  d,  is  given  by  the  equation,  /=  G'  -ji',  and  when  two  masses,  Jf, 

and  Mj  (which  are  free  to  move)  attract  each  other  their  relative  acceleration 
is  the  sum  of  the  two  accelerations  which  each  produces  in  tlie  other.     It  is 

therefore  given  by  the  f ormola,  f=G'  — ^-^j — *.    (Note  that  in  this  we  have 

the  turn  of  the  masses,  instead  of  their  product.')  In  the  C.  G.  S,  system  G" 
is  numerically  identical  with  G,/being  measured  in  cm.  per  sec 

We  must  not  imt^ne  the  word  "  attract "  to  mean  too  much.  It  merely 
States  the  fact  that  there  is  a  tendency  for  the  bodies  to  move  toward  each 
other,  without  iacluding  or  implying  any  explanation  of  the  fact  So  far, 
no  explanation  has  appeared  which  b  leas  diiBcult  to  comprehend  than  the 
fact  itself. 

162.  When  the  distance  between  attracting  bodies  is  large  as  com- 
pared with  their  own  magnitude,  then,  reckoning  the  distance  between 
their  centres  of  mass  as  their  true  distance,  the  formula  is  sensibly 
true  for  them  as  it  would  be  for  mere  particles.  When,  however,  the 
distance  is  not  thus  great,  the  calculation  of  the  attraction  becomes  a 
very  serious  problem,  involving  what  is  known  aa  a  "double  integra- 
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tion."  We  must  find  the  attraction  of  each  particle  of  the  first  body 
opoQ  each  particle  of  the  other  body,  and  take  the  sum  of  all  these 
infinitesimal  stresses.  Newton,  however,  Bhowed  that  if  the  bodie* 
are  tpherea,  eUher  homogeneous  or  of  eoneentrio  structure,  then  they 
attract  and  are  attracted  preeiaely  at  if  the  'matter  in  them,  were  wholly 
eoUeeted  at  their  centres.  The  earth,  for  instance,  attracts  a  body  at 
its  surface  very  nearly  as  if  it  were  all  collected  at  its  own  centre, 
4000  miles  distant ;  not  exactly  so,  became  the  earth  ia  not  strictly 
spherical ;  but  in  what  follows  we  shall  neglect  this  slight  inaccuracy. 

163.  In  order,  then,  to  find  the  mass  of  the  earth  in  kilograms, 
pounds,  or  tons,  we  must  find  some  means  of  accurately  comparing 
its  attraction  for  some  object  on  its  own  surface  with  the  attraction 
of  the  same  object  by  some  body  of  known  mass,  at  a  measured  dis- 
tance. The  difSculty  lies  in  the  fact  that  the  attraction  produced 
by  any  body,  not  too  large  to  be  handled  conveniently,  is  so  exces- 
sively smaU  that  only  the  most  delicate  operations  serve  to  detect 
and  measure  it 

The  first  snccessful  attack  npon  the  problem  was  made  in  1774  by 
Maskelyne,  the  Astronomer  Soyal,  by  means  of  what  is  now  usually 
referred  to  as : — 

164.  1.  "  Tbb  Modntain  Method,"  because,  in  fact,  the  earth 
in  this  operation  is  weighed  against  a  mountain. 

Two  stations  were  chosen  on  the  same  meridian,  one  north  and  one 
Boath  of  the  moimtain  Sohehallien,  in  Scotland.  In  the  first  place, 
a  careful  topographical  survey  was 
made  of  the  whole  region,  giving 
the  precise  distance  between  the  sta- 
tions, as  well  as  the  exact  dimensions 
of  the  mountain,  which  is  a  "  hog- 
back"of veryregularcontour.  From 
the  known  dimensions  of  the  earth 
and  the  measured  distance,  the  dif- 
ference of  the  geographical  latitudes  of  the  two  places  IT  and  N  (Fig. 
54)  can  be  accurately  computed  ;  i.6.,  the  angle  which  the  plumb 
lines  at  Ht  and  iV  would  have  made  if  there  were  no  mountain  there. 
In  this  case  it  was  41".  The  next  operation  was  to  observe  the 
^rf-«.2j-J-^>  ]pt;»ii;in  af  ^tfi^  station.  TThis  astronomical  difference 
"oTlatitude,  i.e.,  the  angle  which  the  plumb  lines  actually  do  make, 
was  found  to  be  63",  the  plumb  lines  at  if  and  N  being  drawn  inward 
out  of  their  normal  position  by  the  attraction  of  the  mountain  to  the 
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6"  on  each  side ;  so  that  the  astroDomical  difference  of 
as  increased  by  12"  over  the  geographicaL 

Now,  in  BQch  a  coae  the  ratio  of  gravity  to  the  deflectiDg  force, 
EiccordiDg  to  the  laws  of  the  composition  of  forces,  is  that  of 
aM  to  aAi  in  the  figure  (Fig.  55),  or  the  ratio  of  1  to  the  tan- 
gent of  the  deflection,  S ;  that  is,  calling  the  deflecting  force  /, 


-  cot  6" 


I  this  case. 


By  the  law  of  gravitation,  the  earth's  attracting  force  at  ite 
surface  is  given  by  the  formnla 


vhere  E  is  the  mass  of  the  earth  (the  onknown  qnantit;  of  our  problem), 
and  R  ite  radius,  1000  miles.  Similarly,  if  C  in  tiie  figure  is  the  centre  of 
attraction  of  the  mountain,  we  have 


/=  «?.. 


m  beii^  the  mass  of  the  mountain,  and  d  the  distance  from  C  to  the  station. 
Combining  this  wiUi  the  preceding,  we  get 


!=(p(!)' 


""(f)" 


We  thus  get  the  ratio  of  the  earth's  mass  to  that  of  the  mountain; 
and  provided  we  can  find  the  mass  of  the  mountain  in  tons  or  any 
other  known  unit  of  mass,  the  problem  will  be  completely  solved. 
By  a  careful  geological  survey  of  the  mountain,  with  deep  borings 
into  its  strata,  the  mass  of  the  mountain  was  determined  ae  accu- 
rately as  it  could  be  (though  here  is  the  weakest  point  of  the  method), 
and  thus  the  mass  of  the  earth  was  finally  computed. 

Now,  knowing  the  diameter  of  the  earth,  its  volume  in  cubic  feet 
is  easily  found,  and  from  the  volume  and  the  known  number  of 
mass-pounds  (62^  nearly)  in  a  cubic  foot  of  water,  the  weight  the 
earth  would  have,  if  composed  of  water,  follows.  Comparing  this 
with  the  mass  actually  found,  we  get  the  density,  which  in  this  ex- 
periment came  out  4.71. 

A  repetition  of  the  work  in  1832  at  Arthur's  Seat,  near  Edin- 
burgh, gave  6.32,  and  several  later  determinations  have  since  been 
made  by  this  method,  giving  results  in  near  agreement  with  that 
stated  in  Art.  132. 
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16S.  2.  Much  more  trustworthy  rasults,  however,  aie  obtained 
by  the  method  of  tbe  Tobsioh  Balance,  first  devised  by  Miohell, 
but  first  employed  by  Cavendish  in  1798.  A  light  rod,  carrying  two 
small  balls  at  its  extremities,  is  auspended  horizontally  at  its  centre 
by  a  long  fine  metallic  wire.  If  it  be 
allowed  to  come  to  rest,  and  then  a, 
very  slight  deflecting  force  be  applied, 
the  rod  will  be  pulled  out  of  position 
by  an  amount  depending  on  the  stiff- 
ness and  length  of  the  wire,  as  well 
as  the  force  itself.  When  the  deflect- 
ing force  is  removed,  the  rod  wUl 
vibrate  back  and  forth  until  brought 
to  rest  by  the  resistance  of  the  air. 
The  "torsional  coefficient,"  as  it  is 
called  (i.e.,  the  stress  corresponding 
to  a  torsion  of  one  revolution),  can  be 
accurately  determined  by  observing 
the  time  of  vibration  when  the  dimen- 
sions and  weight  of  the  rod  and  balls 
are  known.  If,  now,  two  large  balls 
A  and  B  are  brought  near  the  smaller 
ones,  as  in  Fig.  56,  a  deflection  will  be  produced  by  their  attraction, 
and  the  small  balls  will  move  from  a  and  i  to  o'  and  6'.  By  shift- 
ing the  large  balls  to  the  other  side  at  A'  and  B',  we  get  an  equal 
deflection  in  the  opposite  direction,  i.e.,  to  a"  and  b",  and  the  difEer- 
ence  between  the  two  positions  assumed  by  the  small  balls,  i.e., 
a'a"  and  b'b",  will  be  twice  the  deflection. 


FiO.GB.  — Planol 


le  ToraloD  BoUnoe. 


It  is  not  necessary,  nor  even  best,  to  wait  for  the  balls  to  come  to  rest. 
We  note  the  extremities  of  their  swing.  The  middle  point  of  the  swing 
pves  the  point  of  rest,  and  the  time  occupied  by  the  swing  is  the  time  of 
vibration,  which  we  need  in  determining  the  coefficient  of  torsion.  We 
miut  also  measure  accurately  the  distance,  Aai  and  Bb',  between  the  centre 
d[  each  of  the  Itu^  balls  and  the  point  of  rest  of  the  small  b&ll  when  deflected. 


The  eartVt  attraction  on  each  of  the  small  baits  of  course  equals 
the  balTs  weight.  The  attractive  force  of  tAe  large  ball  on  the  small 
oae  near  it  is  found  directly  from  the  experiment.  If  the  deflection, 
for  instance,  is  1°  and  the  coefficient  of  torsion  is  such  that  it  takes 
one  grain  to  twist  the  wire  around  one  whole  revolution,  then  the 
deflecting  force,  which  we  will  call  /  as  before,  wUl  be  ^^^  of  a  grain. 
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Call  tlie  mass  of  the  large  ball  B,  and  let  d  be  the  meaeured  distance 
born  its  centre  to  that  of  the  deflected  balL     We  shall  then  have 

also,  V)  being  the  weight  of  the  small  ball, 

whence  wa  get,  very  much  as  in  the  preceding  case, 


The  method  differs  from  the  preceding  in  that  we  use  a  lai^  ball 
of  metal  instead  of  a  mountain,  and  measure  its  deflecting  force  by 
a  laboratory  experiment  instead  of  comparing  astronomical  observa- 
tions with  geodetic  measurements. 

166.  In  the  earlier  experiments  by  this  method  the  small  balls  were  of 
lead,  about  two  inches  in  diameter,  at  the  extremities  of  a  light  wooden  rod, 
five  or  six  feet  long,  enclosed  in  a  case  with  glass  ends,  and  their  position 
and  vibration  was  observed  by  a  telescope  looking  directly  at  them  from  a 
dbtance  of  several  feet.  The  attracting  masses,  B,  were  balls  also  of  lead, 
about  one  foot  in  diameter,  mounted  on  a  frame  pivoted  in  such  a  way  that 
they  could  be  easily  brought  to  the  required  positious. 

Great  difficulty  was  caused  by  air  currents  in  the  case,  and  it  was  neces- 
sary to  enclose  the  whole  apparatus  in  a  small  room  of  its  own  which  was 
covered  with  tin-foil  on  the  outside,  and  to  avoid  going  near  the  room  or 
allowing  any  radiant  heat  to  strike  it  for  hours  before  the  observations. 
Baily,  in  Knglaad,  and  Keicb,  in  Germany,  between  1838  and  1342,  made 
very  extensive  series  oi  ohservationB  of  this  kind.  Baily  obtained  0.66  for 
the  earth's  density,  and  Reich  5.48. 

The  experiment  was  repeated  in  1872  by  Comu,  in  Paris,  with  a  modified    . 
apparatus. 

The  horizontal  bar  was  in  this  case  only  half  a  metre  long,  of  aluminium, 
with  small  platinum  balls  at  the  end.  For  the  lai^  balls,  glass  globes  were 
used,  which  could  be  pumped  full  of  mercury  or  emptied  at  pleasure.  The 
whole  was  enclosed  in  an  air-tight  case,  and  the  air  exhausted  by  an  air- 
pump.     The  deflections  and  vibrations  were  observed  by  means  of  a  tele- 

•  Note  that  Q  is  diTecUy  given  by  the  observations  ;  G  =  f-^. 
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scope  watching  the  image  of  s  Bcale  reflected  in  a  small  mirror  attached  to 
the  aluiDtniuin  beam  near  its  centre,  according  to  the  method  first  devised 
b;  Gauss  and  now  so  generally  used  in  galvanometers  and  similar  apparatus. 
Comu  obtained  5.56  aa  the  result,  and  showed  that  Baity's  figure  required  a 
correction  which,  when  applied,  would  reduce  it  to  5.55. 

A  still  more  recent  and  elaborate  repetition  of  the  experiment  was  made 
by  Boys  at  Oxford  in  1890-1893.  The  beam,  only  about  half  an  inch  long, 
was  suspended  in  a  partial  vacuum  by  a  toision-flbre  of  quartz.  The  at- 
tracted balls  were  of  gold,  a  quarter  of  an  inch  in  diameter,  and  the  attracting 
balls  were  of  lead,  i\  and  2^  inches  in  diameter —  two  sets.  His  result  for 
the  density  of  the  earth  was  6.527.  Still  more  recently  (in  1SS7)  Brauu  of 
Mariascbein  (Bohemia)  publishes  a  result  obtained  by  the  same  general 
method  and  in  perfect  agreement  with  that  of  Boys. 

167.  3.  Potsdam  Obsebvationb. — Daring  1886  and  1887  aii' 
other  series  of  observations  was  made  by  Wilaing,  at  Potsdam,  with 
apparatus  similar  in  principle  to  the  torsion  balance,  except  that 
the  bar  carrying  the  balls  to  be  attracted  was  vertical,  and  tnroed 
on  knife  edges  very  near  its  centre  of  gravity.  The  knife  edges, 
like  those  of  an  ordinary  balance,  rested  upon  agate  planes,  and  tlie 
centre  of  gravity  of  the  apparatus  was  so  adjusted  that  one  vibration 
of  the  pendulum,  under  the  influence  of  gravity  alone,  would  occupy 
from  two  to  four  minutes.  The  deflecting  weights  in  this  case  were 
large  cylinders  of  cast  iron,  suspended  in  such  a  way  that  they 
could  be  brought  opposite  the  small  balls,  first  on  one  side  and  then 
on  the  other.  The  whole  was  set  up  in  &  basement,  and  carefully 
and  very  effectually  guarded  against  all  changes  of  temperature,  the 
arrangements  being  such  that  all  manipulations  and  observations 
could  be  effected  from  the  outside  without  entering  the  room.  The 
deflections  and  vibrations  were  observed  by  a  reflected  scale,  as  in 
Comu's  observations.  The  result  obtained  was  5.59.  Several  other 
methods  have  been  used  ;  of  less  scientific  value,  however. 

IfiB,  a.  The  mass  of  the  earth  can  be  deduced  by  ascertaining  Ihe/oret 
of  gravity  at  the  lop  of  a  maunlain  and  at  its  base,  by  means  of  pendulum  experi- 
ments. The  mass  of  the  mountain  must  be  determined  by  a  survey,  just  as 
in  the  Scbehallien  method,  which  makes  the  method  unsatisfactory.  At  the 
lop  of  a  mountain  the  height  of  which  is  h,  and  the  distance  of  its  centre  of 
attraction  from  the  top  is  d,  gravity  will  be  made  up  of  two  parts,  one  the 
attraction  of  the  earth  at  a  distance  from  its  centre  equal  to  R  -\-  h,  and  the 
other  the  attraction  of  the  mountain  alone  considered.  Calling  the  mass  of 
tbe  mountain  m,  and  gravity  at  its  summit  g'  {g  being  the  force  of  gravity  at 
the  earth's  surface),  we  shall  have  the  proportion 
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tbe  eecoud  fraction  in  the  last  term  of  the  propoiidoD  being  the  attraction 
of  the  mountain.  When  g  and  g'  are  aBcertained  by  the  pendulum  experi- 
menta,  £  Temaina  as  the  only  unknovn  quantity,  and  can  be  readily  fonnd. 
ObservationB  of  this  kind  were  made  by  Carliai,  in  1821,  on  Mt.  Cenis,  and 
the  result  was  4.95 :  also  by  Mendenhai]  on  Fusiyama  in  1890,  and  by 
Preston  on  Uauna  Eea  in  1892,  the  reaulta  being  respectively  6.77  and  iffl. 

169.  h.  By  mean*  of  pendulum  obtervations  at  the  earth's  surface  compand 
wilA  ihose  at  the  bottom  of  a  mine  of  known  depth.  This  method  was  employed 
by  Airy  in  1864,  at  Harton  Colliery,  1200  feet  deep  ;  result,  6.56.  Id  this 
case  the  principle  involved  is  eomewhat  different  At  any  point  tcithin  a 
koUow,  homogenemu,  tpherictd  ihell,  gravity  it  zero,  as  Newton  has  showD. 
The  attraction  balances  in  all  directions.  If,  then,  we  go  down  into  a  mine, 
the  effect  on  gravity  is  the  same  as  if  a  shell  composed  of  all  that  part  of  tbe 
earth  above  our  level  had  been  removed.  At  the  aame  time  our  distance 
tmm  the  earth's  centre  has  been  decreased  by  d,  the  depth  of  tbe  mine. 

E 
At  the  surface  g  =  Q^ ,  as  befoie. 

At  tbe  bottom  of  the  mine  g'=  G — r^ rx- 

Comparing  the  two  equations,  we  find  £  in  the  terms  of  tbe  shell,  since 
the  ratio  oi  gto  g'  is  given  by  pendulum  observations.  Obviously,  however, 
tbe  mass  of  the  "  ahell "  is  difficult  to  determine  with  accuracy.  And  it  is 
by  no  means  homogeneous,  so  that  there  is  no  great  res«)D  for  surprise  at 
the  discordant  result,  g'  was  fonnd  to  be  actually  greater  than  g,  showing 
that  although  at  the  centre  of  the  earth  the  attraction  necessarily  becomes  zero, 
yet  as  we  descend  below  the  surface,  graaitg  increases  for  a  time  down  to  some 
unknown  but  probably  not  very  great  depth,  where  it  becomes  a  maximum. 

170.  ^-  By  experiments  with  a  common  balance.  If  a  body  be  hung  from 
one  of  tbe  scale-pans  of  a  balance,  its  apparent  weight  will  obviously  be 
increased  when  a  lai^  body  is  brought  very  near  it  underneath  ;  and  this 
increase  can  be  measured.  Foynting  in  England  and  Jolly  in  Germany 
have  recently  used  this  method,  and  have  obtMned  reaolts  agreeing  very 
fairly  with  those  got  from  the  torsion  balance.  A  series  of  observations  by 
a  modification  of  this  method,  and  on  a  very  large  scale,  has  been  carried 
out  at  Berlin,  and  the  result  published  late  in  1896  by  Richaiz,  is  5.605,  in 
excellent  accordance  with  Foynting  who  in  1891  got  5.403. 

171.  Couttitation  of  tbe  Earth's  Interior.  —  Since  the  average 
density  of  the  earth's  crust  does  not  exceed  three  times  that  of  wa- 
ter, vhile  the  mean  density  of  tbe  whole  earth  is  about  5.63  (taking 
the  average  of  all  the  most  trustworthy  results),  it  is  obvious  that 
at  the  centre  the  density  must  be  very  much  greater  than  at  the 
surface,  —  very  likely  as  high  as  eight  or  ten  times  that  of  water, 
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and  equal  to  the  density  of  the  heavier  metals.  There  is  nothing  in 
this  that  might  not  have  been  expected.  If  the  earth  were  ever 
fluid,  it  is  natural  to  suppose  that  in  the  solidification  the  densest 
materials  would  settle  towards  the  interior. 

Whether  the  interior  of  the  earth  ie  solid  or  fluid  it  is  difficult  to  Bay  with 
certainty.  Certun  tidal  phenomena,  to  be  discusBed  hereafter,  have  led  Sir 
William  Thomson  (now  Lord  Kelviu)  and  the  younger  Darwin  to  conclude 
that  the  earth  as  a  whole  is  solid  throughout,  and  "  more  rigid  than  steel," 
volcanic  centres  being  mere  pustules  in  the  general  mass.  To  this  many 
geologists  demur. 

As  r^^aidB  the  temperature  at  the  earth's  centre,  it  is  hardly  an  astro- 
nomical qnestioD,  though  it  has  very  important  astronomical  relations.  We 
can  only  take  space  to  say  that  the  temperature  appears  to  increase  from 
the  surface  downward  at  the  rate  of  about  one  degree  Fahrenheit  for  every 
fifty  or  sixty  feet,  so  that  at  the  depth  of  a  few  miles  the  temperature  must 
be  very  h^h. 


171,*    (Note  to  Art  160.)    Keaioremeut  of  Kait  by  Mmuu  of  In- 
ertia. —  It  is  quite  possible  to  measure  masses  without  weighing.     In  Fig. 
126,  £  is  a  receptacle  carried  at  the  end  of  a  horizontal  arm  A,  which  is 
itself  attached  to  an  axis  MN,  exactly 
vertical  and  free  to  turn  ou  pivots  at 
top  and  bottom.     A  spiral  spring  S, 
like  the  hair  spring  of  a  watAh,  is  oou- 
nected  with  this  axis  so  that  if  A  is 
disturbed  it  will  oscillate  back  and 
forth  at  a  rate,  which  depends  upon 
the  stiffness  of  the  spring  and  the  total 
moment  of  inertia  of  the  apparatus. 
If  we  put  into  £  one  standard  "pound" 
(of  mass),  it  will  vibrate  a  certain 
nnmber  of  times  a  minute  ;    if  iwo 
poands,  it  will  vibrate  mort  lUnpli/ ;  if 
Arte,  Still  more  slowly  ;    and  so  on : 
and  this  time  of  vibration  can  be  de- 
termined and  tabulated.   To  determine  Flo.  S3*, 
now  the  mass  of  a  body  X,  we  have 

only  to  put  it  into  the  receptacle  B,  set  the  apparatus  vibrating,  and  count 
the  number  of  swings  in  a  minute.  Referring  to  our  table,  we  find  what 
number  of  "pounds"  in  B  would  have  given  the  same  rate  of  vibration. 
We  know  then  that  the  "inerHa"  of  ^  is  the  same  as  that  of  this  numl>er 
of  "pounds,"  and  therefore  its  mas»  is  tbe  same. 

This  determination  is  independent  of  all  considerations  of  weight:  the 
■{^aratoB  would  give  tbe  same  results  on  the  surface  of  the  moon,  or  on  that 
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of  Jupiter,  as  od  the  earth.  It  is  obvious,  however,  that  an  instrument  d 
this  sort  could  not  compete  In  accuracy  or  convenience  with  a  well-made 
balance,  because  of  the  friction  of  the  pivots,  the  resistance  of  the  air,  etc 
We  introduce  it  slmplj  to  aasist  in  separating  the  idea  of  mati  from  that  of 
weight. 


ExEBCisES  OS  Chafteb  v. 

1.  Does  the  transportAtion  of  sediment  by  the  Missisuppi  tend  to 
lengthen  or  to  shorten  the  day? 

2.  If  the  diameter  of  the  earth  were  doubled,  keeping  its  mass  unchanged, 
how  would  ita  density  and  the  weight  of  bodies  at  its  surface  be  affected? 

3.  If  its  diameter  were  trebled,  keeping  its  density  unchanged,  bow  much 
would  its  maea  and  the  weight  of  bodies  at  its  Burface  be  increased? 

4.  Supposing  the  earth  to  t>e  homogeneous,  how  great  (approximately) 
would  be  the  force  of  gravity  a  thousand  miles  below  it^  surface? 

5.  Assuming  the  earth  to  be  lioniogeneons,  at  what  depth  (approximately) 
would  a  pendulum  which  at  the  surface  of  the  earth  vibrates  seconds  vibrate 
in  a  second  and  a  quarter?  Ans.    1440  miles. 

6.  Given  two  spheres  one  of  which  has  a  mass  m  times  greater  than  the 
other  ;  on  what  point  on  the  line  joining  their  centres  are  their  attractions 

Solution.  Let  d  be  the  distance  between  their  centres,  and  x  the  distance 
of  the  point  of  equilibrium  from  the  smaller  body :  then  the  attraction  of 

the  larger  body  at  that  point  is  G  ;.-   ■, ,,  that  of  the  smaller  being  O  —r 

(d-r)'  «*. 

"Jm         1 
Canceling  the  Ga,  and  t^ng  the  square  roots,  we  have  — r r  =  -  ;  from 

which  we  have  Am.  x  = ^. 

l  +  \^ 

7.  Assuming  the  moon's  mass  as  ^  of  the  earth's,  where  b  the  equilib- 
rium point  on  the  line  of  centros  ? 

Am.    At  a  point  one-tenth  of  the  distance  from  the  moon  to  the  earth. 

8.  Assuming  the  distance  of  the  sun  as  S3  000000  miles,  and  its  mass 
as  330000  times  that  of  the  earth,  where  is  the  point  at  which  their  attrac- 
tions balance  on  the  line  of  centres? 

93  000000       93  000000 
575.456    ■ 


Am.  Distance  from  the  earth  = .  .=    ■■    -      -  =  161600mileB. 


Ifote,  —  Tblt  dlitimoe  li  mucti  law  (1 
ekrUi.    Oompan  Art.  43S. 
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CHAPTER   VI. 

THE    APPAEENT    MOTION    OF    THE    BUN    AMONG    THE    8TAR8, 
AND     THE     earth's     OBBITAL     MOTION.  —  THE     EQUATION 

OP     TIME,     PKBCBS8ION,     NUTATION,     ANJ>    ABEBEATION. 

VARIOUS     KINDS     OF     "  YBAB." THE    CALENDAB. 

ITS.  Tbe  Annual  Hotion  at  tho  Btul  — -  The  apparent  annual  mo- 
tion of  the  sun  must  have  been  one  of  the  earliest  noticed  of  all 
astronomical  phenomena.     Its  discovery  antedates  history. 

A^  seen  by  the  people  in  Europe  and  Asia,  the  sun,  starting  in 
the  spring,  mounts  higher  in  the  sky  each  day  at  noon  for  three 
months,  until  it  reaches  its  greatest  elevation  at  the  summer  sol- 
stice, and  then  descends  towards  the  south,  reaching  in  the  autumn 
the  same  noonday  elevation  it  had  in  the  spring.  It  keeps  on  its 
southward  course  to  a  winter  solstice  in  December,  and  then  returns 
to  its  original  height  at  the  end  of  a  year,  marking  and  causing  the  - 
seasons  by  its  course.  A  year,  the  interval  between  the  successire 
returns  of  the  sun  to  the  same  position,  was  very  early  found  to 
consist  of  a  little  more  than  three  hundred  and  sixty  days. 

Nor  is  this  all.  The  sun's  motion  is  not  merely  a  northrund-gouth 
motion,  but  it  also  moves  eastward '  arnonff  the  stars  ;  for  in  the  spring 
the  stars  which  are  rising  in  the  eastern  horizon  at  sunset  are  differ- 
ent from  those  which  are  found  there  in  the  summer  or  winter.  In 
the  spring,  the  most  conspicuous  of  the  eastern  constellations  at 
sunset  are  Leo  and  Bo5tes ;  a  little  later,  Virgo  appears  ;  in  the 
summer,  Ophiuchus  and  Libra;  still  later,  Scorpio;  and  in  mid- 
winter, Orion  and  Taurus  are  in  the  eastern  sky  at  evening. 

173.  So  far  as  mere  appearances  go,  everything  would  be  ex- 
plained by  assuming  that  the  earth  is  at  rest  and  the  sun  moving 
around  it ;  but  equally  by  the  converse  supposition,  —  for  if  the  earth 
as  seen  from  the  sun  appears  at  any  point  in  the  heavens,  the  sun  as 
seen  from  the  earth  must  appear  in  exactly  the  opposite  point,  and 

I  Of  conree  these  two  motions  of  the  mn  are  not  independent,  but  only  "com- 
ponentB"  of  Ita  motion  in  tbe  ecliptic  (Art.  175), 
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must  keq)  opposite,  moving  through  the  same  path  in  the  sky  (but 
six  months  hehind),  and  always  in  the  same  "angular  direction,"  if 
we  may  uae  the  espresaioD.  (Just  as  two  opposite  teeth  on  a  gear- 
wheel move  in  the  same  angviar  direction,  though  at  ajiy  moment 
they  are  moving  in  opposite  liyiear  directions.) 

174.  That  it  is  really  the  earth  which  moves,  and'not  the  sun,  is 
absolutely  demonstrated  by  three  phenomena  too  minute  and  delicate 
for  pre-telescopic  observations,  but  accessible  to  modern  methods. 
One  of  thein  is  the  aberralion  of  light;  a  second,  the  regular  annital 
backward  and  forward  shifl  of  the  lines  in  etar-^ectra;  the  third,  the 
annual  parallax  of  ike  fixed  stars.  These  can  be  explained  only  by 
the  actual  motion  of  the  earth. 

175.  The  Ecliptic  —  By  observing  with  a  meridian  circle  daily 
the  declination  of  the  sun,  and  the  difference  between  its  right  as- 
cension and  that  of  some  star  (Flamsteed  used  a  Aquilsa  for  the  pur- 
pose), we  shall  obtain  a  series  of  positions  of  the  sun's  centre  which 
can  be  plotted  on  a  celestial  globe  ;  and  we  can  thus  make  out  the 
path  of  the  sun  among  the  stars,  and  find  the  place  where  it  cuts 
the  celestial  equator,  and  the  angle  it  makes.  This  path  turns  out 
to  be  a  great  circle,  as  is  shown  by  its  cutting  the  equator  at  two 
points  Just  180°  apart  {the  so-called  equinoctial  points  or  equinoxes), 
and  makes  an  angle  with  it  of  approximately  23^°.  This  great  circle 
is  called  the  Ecliptic,  because,  as  was  early  discovered,  eclipses 
happen  only  when  the  moon  is  crossing  it.  It  may  be  defined  as 
the  trace  of  the  plane  of  the  earth's  orbit  upon  the  celestial  sphere,  i.e., 
the  great  circle  formed  by  the  intersection  of  the  infinitely  extended 
plane  of  the  earth's  orbit  with  the  celestial  sphere. 

176.  Deflnitioni.  —  The  angle  which  the  ecliptic  makes  with  the 
equator  is  called  the  Obliquity  of  the  ecliptic,  and  the  points  midway 
between  the  equinoxes  are  called  the  Solstices  (solstitUim),  because 
at  these  points  the  sun  "  stands,"  or  stops  moving  in  declination  for 
a  short  time. 

Two  circles  parallel  to  the  equator,  drawn  through  the  solstices, 
are  called  the  Tropics  (G-reek  rpciriu),  or  "  tuming-Hnes,"  because 
there  the  sun  turns  from  its  northward  motion  to  a  southward,  or 
vice  versa.  The  obliquity  is,  of  course,  simply  equal  to  the  sun's 
maximum  declination,  or  greatest  distance  from  the  equator,  which 
is  reached  in  June  and  December. 
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"Dm  anoientg  were  accnatoineil  to  determiDe  it  b;  means  of  the  gnomon  ' 
(Artl07).  The  length  of  the  shadow  at nooo  on  the  soktitiol  dttys  dete^ 
mines  the  aenitb  distance  of  the  sun  on  those  days,  and  the  difference  of  the 
xenith  distances  at  the  two  solstices  is  twice  the  angle  desired.  The  gnomon 
also  determined  for  the  ancients  the  length  of  tho  year,  it  being  only  neces- 
sary  to  obserre  the  interval  between  days  in  the  spring  or  antomn,  when  th» 
shadow  had  the  same  length  at  noon. 

177.  The  Zodiac  and  its  Signi.  — A  belt  16°  wide,  8"  on  each  side 
of  the  ecliptic,  is  called  the  Zodiac  The  nnme  is  said  to  be  derived 
from  {(uof,  a  li>'ing  creature,  becaase  the  constellations  in  it  (except 
Libra)  are  all  figures  of  animals.  It  waa  taken  of  that  particular 
width  by  the  auciente  simply  because  the  moon  and  the  then  known 
plaDets  never  go  further  Ih&a  8"  from  the  ecliptic. 

This  belt  is  divided  into  the  so-called  bigmb,  each  30°  In  lengUi,  having 


/  Aries,     f  i  Libra,             ^ 

%iing    ^Tanrus,  )f  Antnmn  J  Scorpio,          nt 

( Gemini,  n  (  Sagittarins,     / 

^  Cancer,  SS  ^  Capricornus,  VJ 

Svmmer  i  Leo,         SI  Winter     }  Aquarius       3i 

(Virgo,     "E  (.Pisces,           K 

Hie  qrmbols  are  for  the  most  part  conventionalized  pictures  of  the  ob- 
jects. The  symbol  for  Aquarius  is  the  Egyptian  character  for  water.  Hie 
origin  of  the  signs  for  Leo,  Tirgo,  and  Capricomns  is  not  quite  clear.  It 
has  been  suggested  that  SL  is  simply  a  "  cur$im  "  form  for  A,  the  initial  of 
Amw;  IDC  for  IIop  {UapSivot),  and  VJ  for  Tp  (Tp(iyos> 

\/  CELESTIAL  LATmJDB  AND  LONMTODB. 

178.  Since  the  moon  and  all  the  principal  planets  always  keep 
within  the  zodiac,  the  ecliptic  is  a  very  (xinvcDteot  circle  of  reference, 
and  was  used  aa  such  by  the  ancients.  Indeed,  until  the  invention 
of  pendulnm  clocks,  it  was  on  the  whole  more  convenient  than  the 
equator,  and  more  need. 

The  two  points  in  the  heavens  90*  distant  from  the  ecliptic  are  called 
the  Ftilea  of  the  ecliptie.     The  northern  one  is  in  the  constellation 

t  Hie  CbiiMse  claim  to  have  made  an  obierratlou  of  thU  kind  about  1100  b.c, 
and  the  remit  given  U  very  nearly  what  it  ihonld  hare  been  at  that  time.  (The 
obUqoitjr  chaogei  slightly  hi  centuries.)  If  their  observation  U  genuine,  It  la 
probaUy  tbe  oldest  of  all  astronomical  records. 
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of  Draco,  about  half-way  between  the  atara  S  and  {  Draconts.  Now, 
suppose  a  set  of  great  circles  drawn,  like  meridians,  through  tliese 
poles  of  the  ecliptic,  and  hence  perpendicular  to  that  circle ;  these 
are  Oirdes  of  latUude  or  secondaries  to  the  ediptic.  The  LoNorruPS 
of  a  star  or  anj'  other  heavenly  body  is,  then,  fAe  angle  made  at  the 
pole  of  the  ediptic,  betieeen  the  circle  of  latitude,  which  passes  through 
tlte  vernal  equinox,  and  the  circle  of  kuiiude passing  through  the  body; 
or,  what  comes  to  the  same  thing,  It  is  t?ie  are  of  the  ediptic  induded 
beltoeen  the  vernal  equinox  and  the  foot  of  the  circle  of  latitude  pass- 
ing through  the  body.  Celestial  longitude  is  always  reckoned  eoM- 
ward  from  the  rernal  equinox,  completely  around  the  ecliptic,  so  that 
the  longitude  of  the  snn  when  10°  loesf  of  the  vernal  equinox  would  be 
written  as  350°,  and  not  aa  —10°. 

The  Latitude  of  a  star  is  simply  Ua  distance  north  or  aouih  of 
the  ediptic  measured  on  the  star's  cirde  of  latitude. 

179.  It  will  be  seen  that  longUude  differs  from  right  ascension  ik 
fietngp  redcoi^ed  on  the  ediptic  instead  of 
on  the  equator,  nor  can  it  be  reckoned 
in  time,  but  only  In  degrees,  minutes, 
and  seconds.  Latitude  differs  from  de- 
dination  in  that  it  is  reckoned  fiwa  the 
ediptic  instead  of  from  t!ie  equator. 

The  relation  between  right  ascension 
and  declination  on  the  one  hand,  wid 
longitude  and   latitude  on  the   other, 
may  be  mode  clearer  by  the   accom* 
panying  diagram  (Fig.  67),  in  which 
,  EC  is  the  ecliptic  and  EQ  the  equa- 
tor, E  being   the  vernal   equinox.     S 
being  a  star,  its  right  ascension  (a)  is 
ER  and  ite  declination  (h)  is  SR  \  its  longitude  (X)  is  EL,  and  its  lati- 
tude (|8)  is  SL.     Pand  K  are  the  poles  of  the  equator  aud  ecliptic 
respectively,  and  the  circle  JCPOQ  is  the  SolstWai  Colure,  so  called. 

The  student  can  hardly  take  too  great  care  to  avoid  confusion  of  celestial 
latitude  and  longitude  with  right  ascension  and  declination  or  with  (errw* 
trial  latitude  and  longitude.  It  is,  of  course,  unfortunate  that  latitude  in 
the  sky  efaould  not  be  analogous  to  latitude  upon  the  earth,  or  celestial  longi- 
tude to  terrestrial.  The  terms  right  ascension  and  declination  ore,  however, 
ot  comparatively  recent  introduction,  and  found  the  ground  preoccupied, 
celestial  latitude  and  longitude  bung  much  older. 
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180.  Cosvertion  of  k  uid  y3  into  a  and  8,  or  Vice  Vena.  —  Right 

ascension  and  declination  can,  of  course,  tUwaye  be  converted  into  longitude 
and  latitude  b;  a  trigoaometricitl  calculation.  We  proceed  aa  follows:  In 
the  triangle  ERS,  right-angled  at  R,  we  have  given  ER  and  RS  (a  and  8), 
from  which  we  find  the  hypothenuse  ES  aud  the  angle  RES.  Next  in  the 
triangle  ELS,  right-angled  at  L,  we  have  the  hypothenuse  ES  and  the  angle 
LES,  which  is  equal  to  RES-LEQ  (LEQ  being  <■>,  the  obUquity  of  the 
ecliptic).     Hence  we  easily  find  EL  and  LS. 

181.  The  Xartli'B  Orbit  is  Space.  —The  ecliptic  is  not  the  earth's 
orbit,  and  must  not  be  confounded  with  i\.  It  is  a  great  circle  of  the 
infinite  celestial  sphere,  the  trace  made  upon  the  sphere  by  the  plane 
of  the  earth's  orbit,  as  was  stated  in  its  definition.  The  fact  that 
it  is  a  great  circle  gives  us  no  information  about  the  earth's  orbit, 
except  that  the  orbit  all  lies  in  one  plane  pauing  through  the  sun. 
It  tells  us  nothing  as  to  its  real  form  and  size. 

By  reducing  the  observations  of  the  sun's  right  ascension  and 
declination  through  the  year  to  longitude  and  latitude  (the  latitude 
will  always  be  zero,  of  course,  except  for  some  slight  perturbations) 
and  combining  them  with  observations  of  the  sun's  apparent  diameter, 
we  can,  however,  ascertain  the  real  form  of  the  earth's  orbit  aud  the 
lav  of  its  motion  in  this  orbit.  But  the  size  of  the  orbit — the  scale 
of  miles — cannot  be  fixed  until  we  can  find  the  sun's  distance. 


188.  To  find  the  Porm  of  the  Orbit,  we  may  proceed  thus :  Take 
a  point  S  for  the  suu  and  draw 
from  it  a  line  SO,  Fig.  68, 
directed  towards  the  vernal 
equinox  as  the  origin  of  longi- 
tudes. L;iy  off  from  S  indefi- 
nite lines,  making  angles  with 
SO  equal  to  the  earth's '  longi- 
tude on  each  of  the  days  ob- 
served through  the  year ;  i.e., 
the  angle  OS  10  is  the  longi- 
tude at  the  time  of  the  10th 
observation ;  and  so  on.  We 
shall  thus  get  a  sort  of  "  spi- 
der," showing  the  directions  as  DeurmluMlon  o(  U 
seen  from  the  sun  on  those  days. 

Next,  as  to  relative  distances.   While  the  apparent  diameter  of  the 
sun  does  not  tell  us  its  real  distance  from  the  earth,  unless  we  first 


1  The  earth'i  longitude  U  the  observed  longitude  of  the  si 
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know  tbe  bud'b  real  diameter  in  miles,  the  chaDgen  in  the  apparent 
diameter  do  inform  as  as  to  the  relative  distance  of  the  earth  at 
different  times,  since  the  nearer  we  are,  the  larger  the  sun  appears,  ■ — 
the  distance  being  inversely  proportional  to  the  apparent  diameter 
(Art.  6).  If,  then,  we  lay  off  on  the  arms  of  our  "spider"  dis- 
tances Inversely  proporldonal^to  the  number  of  seconds  of  arc  iQ  the 
sun's  measured  diameter  at  each  date,  these  distances  will  be  pro- 
portional to  the  true  distance  of  the  earth  from  the  sun,  and  the  curve 
joining  the  points  thus  obtained  will  be  a  true  map  of  the  earth's 
orbit,  though  without  any  scale  of 
miles  upon  it. 

When  tbe  operation  is  performed, 
we  find  that  the  orbit  is  an  ellipse 
of  small  eccentricity  (about  one- 
si:!tieth),  with  the  sun,  not  in  the 
centre,  but  at  one  focus.* 

183.     For  the  benefit  of   any  who 
PiB.M.-Ti»KUip«.  jat.y  not  have  studied  conic   sections 

we  define  the  ellipse.  It  is  a  curve  such 
that  the  turn  of  the  tu>o  dislancei  from  any  point  on  itt  circurn/erence  to 
two  points  within,  called  the  foci,  u  alicayi  constant,  and  eqnol  to  what  is 
called  the  major-axis  of  the  ellipse.  SP-\-PF~  AA','\n  Fig.  5B.  AC  i* 
called  the  semi-major-axis,  and  ia  usually  denoted  by  A  or  a.  BC  is  the 
semi-niinor-aiis,  denoted  by  B  or  b.    The  eccentricity,  denoted  by  e,  is  tbe 

fraction  ^.  , 

AC  V.4»-  B« 

Since  BS  is  equal  \x,  A,  SC  =  V^'  —  &  ;    and  e  =    — -r . 


The  pointA  where  the  earth  is  nearest  to  and  most  remote  from  tbe 
sun  are  called  respectively  perihelion  and  aphelion,  and  the  line  that 
joins  them  is,  of  course,  the  major-axis  of  the  orbit.  Thie  line,  con- 
sidered as  indefinitely  produced  in  both  directions,  is  called  the  line 
of  apsides,  —  the  major-axis  being  a  limited  piece  or  "  sect "  of  the 
line  of  apsides. 


184.  The  variations  of  the  sun's  diameter  are  too  small  to  be  detected 
without  a  telescope  (acnounting  only  to  about  three  per  cent),  ao  that 
the  ancients  were  unable  to  perceive  them.     Hipporcbus,  However,  aboQt 

'  The  diatances  W  be  laid  off  are  found  by  dividing  some  arbitrarily  chosen 
constant  (say  10000")  by  tbe  number  of  seconds  of  arc  in  each  measured  diameter 
of  the  sun.  *  See  note  on  page  164, 
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150  B.C.,  diaoorered  that  the  earth  is  not  in  the  oeatre  of  the  circnlar  orbit 
which  he  supposed  the  bud  to  describe  around  it.  Everybody  assumed,  on 
^priori  grounds,  uever  disputed  nntil  the  time  of  Kepler,  that  the  sun's  orbit 
must  be  a  circle  and  described  'nith  a  uniform  motion,  because  a  circle  is 
the  only  "perfect"  curve,  and  uniform  motion  tiie  only  perfect  motion. 
Ob-riously,  however,  ihe  sun's  apparent  motion  is  not  nniform,  because  it 
takes  186  days  for  tlie  sun  to  pass  from  the  vernal  equinox  to  tbe  autumnal 
through  the  summer  mouths,  and  only  179'  days  to  return  during  the  win- 
ter, nipparchus  explained  tiiis  difference  by  the  hypothesis  that  the  earth 
is  oat  of  the  centre  of  the  sun's  path. 

185.  To  find  tlie  Eccentrioity  of  the  Orbit.  —  Having  the  greatest 
and  least  apparent  diameters  of  the  sun,  the  eccentricity,  e,  is  easily 
found.  In  Fig.  59,  since,  by  definition,  e  =3  CS  -t-  GA,  we  have  CS  = 
OA  X  e,  or  Ae.  The  perihelion  distance  AS  is  therefore  equal  to 
.4x(l— e),  and  the  aphelion  distance  SA' to  A  (1  +  e).  Suppose 
now  that  the  greatest  and  least  measured  diameters  of  the  sua  are  p 
and  q.  This  gives  us  the  proportion  p : q=s  A  {1+e)  :  A  (I—  e), 
siaca  the  diameters  are  inversely  proportional  to  the  distauces.  From 
thia  we  get        /.  .  /  ,  p_g 

The  actaal  vahies  otp  and  q  are  32'  36".4  and  81'  Sl".8,  which  give 
e  =  0.01678 :  this  is  about  ^,  as  has  been  stated. 

186.  To  find  the  Law  of  the  Earth's  Kotion.  — By  comparing  the 
meas  ired  apparent  diameter  with  the  differences  of  longitude  from  day 
to  day,  we  can  also  deduce  the  law  of  the  earth's  motion.  On  making 
a  table  of  dfuly  motions  and  apparent  diameters,  we  find  that  these 
daUy  motlona  vary  directly  as  the  squares  of  the  diameters;  from  which 
it  directly  follows  that  the  earth  moves 
in  such  a  way  that  its  radius-hector 
deacribes  areas  proportional  to  t!ie  times  fM 
(a  law  which  Kepler  first  brought  '■ 
light  in  1609).  The  radius-vector  is  [ 
the  line  which  joins  tlie  earth  to  ' 
sun  at  auy  moment. 

187.  Consider  a  small  elliptical  eeo- 
tor,  dSc  (Fig.  60),  described  by  the  earth 
in  a  unit  of  time.    Regarding  it  as  a  trian- 
gle, its  area  Is  given  by  the  formula  J  5c  X  Srf  sin  cSd ;  and  calling  thia 
angle  6  (which  will  be  veiy  small),  and  considering  that  in  so  short  a  time 
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Sd  and  Sc  would  remain  seDsibly  equal,  each  being  equal  to  R  (the  radin» 
vector  at  the  middle  point  of  the  arc),  this  formula  becomea, 

Area  of  80ctor=i£*tf. 

Now,  callinK  the  sun's  appareat  diameter  D,  we  hava 

R  varies  as ~ or  R  =  ~, 

(k  being  a  constant,  and  depending  on  tlie  aim^  diameter  in  miles); 

whence  ii*=-is- 

Ifi 

But  our  measurements  show  that  $=  kj)*,  ib,  being  another  constant. 

Substitute  these  values  of  if'  and  9  in  the  formula  for  the  area,  and  we  have 

Area  of  sector  =  i-^Xt,I"=  Jf-t,. 

a  constant;  that  is,  the  area  described  by  the  radius-vector  in  a  unit  of  time 
is  always  the  same.  The  planet  near  perihelion  moves  so  much  faster,  that 
the  areas  aSb,  cSd,  and  eSf  are  all  equal  to  each  other,  if  the  arcs  are  d^ 
scribed  in  the  same  time. 

188.  Keplflr'a  Problem. — As  the  case  stands  so  far,  this  is  a  mere 
fact  of  obsei-vatioD ;  but  as  we  shall  see  hereafter,  and  as  was  demon- 
strated by  Newtou,  the  fact  shows 
that  the  earth  moves  under  the  ac- 
tion of  a  force  aiways  directed  in  fine 
with  the  sun.  In  such  a  case  tbo 
L  "equable  description  of  areas"  is  a 
necessary  mechanical  consequence, 
is  true  in  every  case  of  elliptical 
motion,  and  enables  us  to  find  the 
position  of  the  earth  or  any  planet 
in  its  orbit  at  any  time,  when  we 
once  know  the  time  of  its  orbital  revolution  (technically  the  period), 
and  the  time  when  it  was  at  perihelion.  Thus,  the  angle  ASP  (Fig.  61), 
which  is  called  the  Anomaly  of  the  planet,  must  be  such  that  the  area  of 
the  elliptical  sector  ASP  will  be  that  portion  of  the  whole  ellipse  which 
is  represented  by  the  fraction  — ,  t  being  the  number  of  days  since  the 
planet  last  passed  the  perihelion,  and  T  the  number  of  days  in  the 
whole  period.  For  instance,  if  the  earth  last  passed  perihelion  on 
Dec.  31  (which  it  did),  its  place  on  May  1  must  be  such  that  the 
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sector  ASP  will  be  ^^^^  of  the  whole  of  the  earth's  orbit ;  since  from 
December  31  to  May  1  is  121  days.  The  solution  of  this  problem, 
kaown  as  "Kepler's problem"  leads  to  transcendental  equations, and 
lies  beyond  our  scope. 

See  Watson's  "  Theoretical  Astronomy,"  'pp.  53  and  54,  or  any  other  simi- 
lar work  ;  also  Appendix,  Arts.  1002  and  1008. 

189.  Anomaly  and  Equation  of  tbe  Centre.  —  The  angle  ASP, 
which  has  been  termed  simply  the  "Anomaly,"  is  strictly  the  true 
Anomaly,  as  distinguished  from  the  mean  Anomaly.  The  former 
may  be  defined  as  the  angle  actually  made  at  any  time  by  the  radiuS' 
vector  of  a  planet  with  the  line  of  apsides,  the  angle  beiug  reckoned 
from  the  perihelion  point  completely  around  in  the  direction  of  the 
planet's  motion.  The  mean  Anomaly  is  what  the  Anomaly  would  be 
at  the  given  moment  if  the  planet  had  moved  with  uniform  angular 
velocity,  completing  the  orbit  in  the  same  period,  and  passing  perihelion 
at  the  same  time,  as  it  actually  does.  The  difference  between  the 
two  anomalies  is  called  the  Eguation  of  the  CeTttre.  This  ia  zero  at 
perihelion  aud  aphelion,  and  a  masimum  midway  between  them. 
In  the  case  of  the  sun,  its  greatest  value  is  neatly  2°,  the  sun  getting 
alternately  that  amount  ahead  of,  and  behind,  the  position  it  would 
occupy  if  its  apparent  daily  motion  were  uniform. 


THE  SEASONS. 

190.  The  Seaaoni. — The  earth  in  its  motion  around  the  sun 
always  keeps  its  axis  parallel  to  itself,  for  tbe  mechanical  reason 
that  a  revolving  body  necessarily  maintains  the  direction  of  its  axis 
invari^le,  unless  disturbed  by  extraneous  force,  as  is  very  prettily 
illustrated  by  the  gyroscope.  Fig.  61*  shows  the  way  in  which  the 
north  pole  of  the  earth  is  inclined  with  reference  to  the  sun  at  dif- 
ferent seaeous  of  the  year. 

About  March  20  the  earth  is  so  situated  that  the  plane  of  its 
equator  passes  through  the  sun,  the  sun's  declination  being  zero  on 
that  day.  At  that  time,  the  line  which  separates  the  illuminated 
portions  of  the  earth  passes  through  the  two  poles  (as  shown  in 
Fig.  62  B),  and  day  and  night  are  everywhere  equal.  The  same  is 
again  true  of  the  22d  of  September,  when  the  sun  is  at  the  autumnal 
equinox  on  the  opposite  side  of  the  orbit. 


D.gitizect.yG00glc 


184  THB   SEASONS. 

About  the  2l3t  of  June  the  eaiih  is  so  situated  that  its 
north  pole  is  inclined  towaida  the  sun  by  about  23^°,  which 
is  the  Buu's  northern  declination  on  that  date.  As  shown  in 
Fig.  62  A,  the  south  pole  is  then  in  the  obscure  half  of  the 
earth's  globe. 


The  north  pole  then  receives  sunlight  all  day  long ;  and  in  all 
portions  of  the  northern  heraisphere  the  day  is  longer  than  the 
night,  the  difference  between  the  day  and  uight  depending  upon 
the  latitude  of   the  place,  while  in  the  southern  hemisphere  the 


Fio.  ta.  —  Poaltkin  of  Pole  M  SolstiM  uid  Equlnoi. 
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days  are  shorter  than  the  aighta.  At  the  time  of  the  winter  Bolatdoa 
these  conditions  are  reversed.  At  the  equator  (of  the  earth)  the  day 
and  night  are  eqaal  at  all  times  of  the  year.  The  son  when  in  north- 
ern declination  of  coarse  always  rises  at  a  point  on  the  horizon  norA 
of  eaet,  and  sets  at  a  point  north  of  west,  so  that  for  s  portion  of 
the  time  each  day  it  ^Ines  on  the  nortli  aide  of  a  hoase. 

191 .  Siomal  Phenomena  near  the  Pole.  —  At  the  north  pole,  trhere 
the  celestial  pole  is  in  the  lenith,  and  the  diurnal  circles  are  parallel  with 
the  horizon,  the  snn  will  muntun  tha  same  elevation  all  daj  long,  except 
for  the  slight  change  caused  by  the  variation  of  its  declination  in  twenty- 
fonr  honrs.  The  snn  will  appear  on  the  horizon  at  the  date  of  the  remal 
equinox  (in  fact,  about  three  days  before,  on  account  of  refraction),  and 
slowly  wind  upward  in  the  sky  until  it  reaches  its  maximnm  elevation  of 
23^"  on  June  21.  Then  it  will  retrace  Its  course  until  a  day  or  two  after 
the  antnmnal  equinox,  when  it  sinks  out  of  sight. 

At  points  between  the  north  pole  and  the  polar  circle  the  sun  will  appear 
above  the  horizon  earlier  in  tlie  year  than  March  SO,  and  will  rise  and  set 
duly  nntU  its  declination  becomes  equal  to  the  observer's  distance  from  the 
pole,  when  it  will  make  a  complete  circuit  of  the  heavens,  tbnching  the  hori- 
zon at  midnight  at  the  northeru  point ;  and  after  that  never  setting  ag^n 
until  it  reaches  the  same  declination  in  its  southward  course  after  pasung 
the  solstice.  From  that  time  it  will  again  rise  and  set  daily  until  it  reaches 
a  southern  declination  just  equal  to  Uie  observer's  polar  distance,  when  the 
long  night  begins ;  to  continue  nntil  the  sun,  having  passed  the  southern 
solstice,  returns  again  to  the  same  declination  at  which  it  made  its  appear- 
auce  in  the  Bpriag.  At  the  polar  circle  itself  (or,  more  strictly  speaking, 
owing  to  refraction,  about  one-half  a  degree  south  of  it)  the  "  midnight  tun  " 
will  be  seen  on  just  one  day  in  the  year,  the  day  of  the  summer  solstice; 
and  there  will  also  be  one  absolutely  Bunless  day,  viz.,  the  day  of  the  winter 
solstice.  The  same  remarks  apply  in  the  sontherc  hemisphere,  by  making 
the  obvious  changes. 

103.  Effect*  on  Temperfttnre.  —  The  changes  in  the  daratioa  of 
"  insolation "  (exposure  to  sunshine)  at  any  place  involve  changes 
of  temperature  and  other  climatic  conditions,  thus  producing  the  sea- 
sons. Taking  as  a  standard  the  amount  of  heat  received  in  twenty-four 
boors  on  tlie  day  of  the  equinox,  it  is  clear  that  the  surface  of  the 
soil  at  any  place  in  the  northern  bcmispliere  will  receive  more  than 
this  average  amount  of  heat  whenever  the  sun  is  north  of  the  celestial 
eqnator,  for  two  reasons. 

1.  Sunshine  lasts  more  than  half  the  day. 

S-    The  mean  elevation  of  the  sun  during  the  day  Is  greater  than 
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when  it  ia  at  the  equinoxes,  since  It  is  higher  at  noon,  and  in  any 
case  readies  the  horizon  at  rising  and  setting.  Now,  the  more 
obliiiuely  the  rays  strike,  the  less  heat  they  bring  to  each  square 
inch  of  surface.  A  beam  of  sunshine 
of  given  cross -section,  ABCD,  is 
spread  over  a  larger  area  when  it 
strikes  obliquely  than  when  it  is  ver- 
tical, as  is  obvious  from  Fig.  62*,  and 
its  heating  efficiency  is  correspond- 
ingly diminished.  If  Q  is  the  amount 
of  heat  per  square  inch  brought  by 
Fio.  as*.  the  tay  when  falling  perpendicularly, 

Kfl»ot of  8un'«  EiBTBtion on  Amonin     ^s  on  the  Surface  AC,  thsTi  on  Ac  (on 

o( HeM Impsned  to Iba  Sou.  i-   i.     ..     i     i  l  l.i.  i      .  i 

which  it  strikes  at  the  angle  h,  equal 
to  the  sun's  altitude)  the  amount  per  square  inch  will  be  Q  X  sin  h, 
since  AB  ^AbX  sin  A.  This  difference  in  favor  of  the  more  nearly 
vertical  rays  is  exaggerated  by  the  absorption  of  heat  in  the  atmos- 
phere, because  rays  that  are  nearly  horizontal  have  to  traverse  a 
much  greater  thickness  of  air  before  reaching  the  ground. 

For  these  two  reasons,  at  a  place  in  the  northern  hemisphere,  the 
temperature  rises  rapidly  as  the  sun  comes  north  of  the  equator,  thus 
giving  us  our  summer. 

193.  Tine  of  HighHt  Temperature.  —  We,  of  course,  receive  the 
moat  heat  per  diem  at  the  time  of  the  summer  solstice ;  but  this  is 
not  the  hottest  time  of  the  summer,  for  the  obvious  reason  that  the 
weather  is  then  all  the  time  getting  hotter,  and  the  maximum  will 
not  be  reached  un^i/  the  increase  ceases;  that  is,  not  until  the  amount 
of  heat  lost  in  the  night  equals  that  stored  up  by  day. 

If  the  earth's  surface  threw  ofi  the  same  amount  of  beat  hourly  whether 
it  were  hot  or  cold,  then  this  maximum  would  not  come  until  the  autumnal 
eijuinoi.  This,  however,  is  not  the  cuse.  The  soil  loses  heat  faster  when 
warm  than  it  does  when  cold,  the  loss  being  nearly  proportional  to  the  dif- 
ference between  the  temperature  of  the  soil  and  that  of  surrounding  space 
(Newton's  law  of  cooling) ;  and  so  the  time  of  the  maximum  is  made  to 
come  not  far  from  the  end  of  July,  or  the  first  of  August,  in  our  latitude. 
For  similar  reasons  the  minimum  temperature  of  winter  occurs  aliout  Feb- 
ruary 1,  about  half-way  between  the  solstice  and  the  venial  equinox.  Since, 
however,  our  weather  is  not  entirely  "  made  on  the  spot  where  it  is  used," 
hut  is  affected  by  winds  and  currents  that  come  from  great  distances,  the 
actual  time  of  the  maximum  temperature  cannot  be  determined  by  any  mere 
astronomical  considerations,  but  varies  considerably  from  year  to  year. 
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194.  Difference  between  Setuoiu  In  Soithem  and  Sontbem  Heml- 
ipherea.  —  Since  in  December  the  distance  of  the  earth  fmrn  the  Bun 
is  about  three  per  cent  less  than  it  is  in  Juue,  the  earth  (as  a  whole) 
receives  hourly  about  eii  per  uent  more  heat  in  Deeeral>er  than  in 
Jane,  the  heat  varving  inversely  as  the  square  of  the  distance.  Foi 
this  reason  the  southern  sunimcr,  which  occurs  in  December  and 
January,  is  hotter  than  the  northern.  It  is,  however,  seven  days 
thorter,  because  the  earth  moves  more  rapidly  in  that  part  of  its 
orbit.  The  total  amount  of  beat  per  acre,  therefore,  received  during 
the  summer  is  sensibly  the  same  in  each  hemisphere,  the  shortness 
of  the  Bonthem  summer  making  up  for  it£  increased  warmth. 

195.  The  southern  tofn(er,  however,  is  both  longer  and  colder  than  the 
northern ;  and  it  has  been  vigorously  maintained  by  certain  geologists, 
that,  on  the  whole,  the  mean  annual  temperature  of  the  hemisphere  which 
has  its  winter  at  the  time  when  the  earth  is  in  aplieliou  is  lower  than  that 
of  the  opposite  one.  It  has  been  atteiiipted  to  account  for  the  glacial  epoclis 
in  this  way.  It  ia  certain  that  at  present,  at  any  place  in  the  southern  hem- 
{sphere,  the  difference  between  the  maxiniuni  leiiiperatura  of  summer  and 
the  rainimnm  of  winter  must  be  greater  than  in  the  cose  of  a  station  in  the 
northern  hemisphere,  similarly  situated  as  to  elevation,  etc.  We  say  "at 
present "  because,  on  account  of  certain  slow  changes  in  the  earth's  orbit,  to 
be  spoken  of  immediately,  the  state  ol  things  will  be  reversed  in  about  ten 
thousand  years,  the  northern  summer  being  then  the  hotter  and  shorter  one. 

196.  Seonlar  Cliangei  in  the  Orbit  of  the  Earth.  —The  orbit  of 
the  earth  is  not  absolutely  unchangeable  in  form  or  position,  though 
it  ia  so  in  the  long  run  as  regards  the  length  of  Ua  major  axis  and  the 
duration  o/the  year. 

197.  1.  Change  in  ObUquity  of  the  Ediptic. — The  ecliptic  slightly 
and  very  slowly  shifts  Its  position  among  the  stars,  thus  altering 
the  latitudes  of  the  stars  and  the  angle  between  the  ecliptic  and 
equator,  i.e.,  the  obliquity  of  the  ecliptic.  This  obliquity  is  at 
present  about  S4'  lees  than  it  was  2000  years  ago,  and  is  still 
decreasing  about  half  a  second  a  year.  It  is  computed  that  this 
diminution  will  continue- for  about  15,000  years,  reducing  the  obli- 
quity to  22^°,  when  it  will  begin  to  increase.  The  whole  change, 
accordiog  to  J.  Herschel,  can  never  exceed  about  1°  20'  on  each  side 
of  the  mean. 

199.  2,  Change  of  Eccentricity. — At  present  tlie  eooentrictty  of 
the  earth's  orbit  (which  is  now  0.0168)  is  also  slowly  diminishing. 
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Accordrog  to  Leverrier,  it  will  continue  to  decrease  for  aboat  24,000 
yeara,  notil  it  becomes  0.003,  and  the  orbit  will  be  almost  circu- 
lar.' Then  It  will  Increaae  again  for  40,000  ^eara,  nntil  it  beoomea 
0.02. 

In  thia  waj  Q>^  ecoentrioltj  will  oscillate  baokwards  and  forwards,  always, 
bowerer,  remaining  between  lero  and  0.07 ;  but  tba  oscillatJons  are  not 
equal  either  in  amount  or  time,  and  so  cannot  properly  be  compared  to  tlte 
"  vibrations  of  a  mighty  pendulum,"  which  is  rather  a  favorite  figure  of 

199.  8.  Sevolutton  of  ike  Apsides  o/the  Earth's  Orbit.  — The  line 
of  apBldes  of  the  orbit,  which  now  stretches  in  both  dlrectjona  towards 
the   coDstellatione   of    Sagittarius   and   Gemini,  is  also  slowly  and 

steadily  moving  eastward,  and  at  a  rate  which,  if  it  were  constant, 
would  carry  it  around  the  circle  in  about  108,000  years. 

300.  These  so-catled  "  secular "  changes  are  due  to  the  action  of 
the  other  planets  apou  the  earth.  Were  it  not  for  their  attraction,  the 
earth  wonld  keep  her  orbit  with  reference  to  the  sun  strictly  unaltered 
fW>m  age  to  age,  except  that  possibly  in  the  course  of  millions  of 
years  the  etFects  of  falling  meteoric  matter  and  the  attraction  of  tlie 
nearer  fixed  stars  might  make  themselves  felt. 

Besidea  tJiese  secular  perturbations  of  the  earth's  orbit,  the  earth  itaeU  is 
eontinually  being  slightly  disturbed  in  its  orbit.  On  account  of  its  con- 
nection with  the  moon,  it  oscilktes  each  month  a  few  hundred  miles  above  and 
below  the  true  plane  of  the  ecliptic,  and  by  the  action  of  the  other  planets  it  is 
sometimes  set  forwards  or  backwards  to  the  extent  of  a  few  thousand  miles. 
Of  conrse  every  such  change  prodnoes  a  corresponding  alight  change  in  the 
apparent  poaition  of  tha  sun. 

301.  Equation  of  Time.  —  We  have  8tat«d  a  few  pages  back 
(Art.  Ill),  that  the  interval  between  the  successive  pasaages  of  the 
sun  across  the  meridian  is  somewhat  variable,  and  tiiat  for  diis 
reason  apparent  solar,  or  sun-dial,  days  are  unequal.  Ou  this  ac- 
count mean  time  has  been  adopted,  which  19  kept  by  a  ^^fiAitious" 
or  ''mean,"  sun  moving  uniformly  in  the  equator  at  the  same 
average  rate  as  that  of  tbe  real  sun  In  the  ecliptic.  The  hoar- 
angle  of  this  mean  eon  is,  as  has  been  already  explained,  tha 
local  mean  time  (or  clock  time) ;  while  the  honr-angle  of  the 
real  sun  is  the  apparent  or  san-diai  time.  Tbe  Equation  of  Time  ■ 
is  the  (Terence  between  tliese  two  times,  reckoned  as  plus  when. 
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the  son-dial  is  slower  tlian  the  clock,  and  minua  when  it  is  faatei. 
It  is  the  eorreetion  which  muet  be  added  (algebraically)  to  apparent 
ttTne  in  order  to  get  mean  time.  As  it  is  the  difference  between  the 
two  hour-angles,  it  may  also  be  defined  as  the  difference  between  the 
right  aaeeiuioTM  of  the  mean  sun  and  the  true  sun ;  or  as  a  formula 
we  may  write  :  £^a,  — a„  in  which  a„  is  the  right  ascension  of  the 
mean  sun,*  and  a,  of  the  true  sun. 
The  principal  causes  of  this  difference  are  two  :  — 

802.  1.  The  Variable  Motion  of  the  Sun  in  the  Ecliptic,  due  to 
the  Eceentricitg  of  the  Earth's  Orbit.  —  Near  perihelion,  which  occurs 
about  December  31,  the  earth's  orbital  motion  is  most  rapid  accord- 
ing to  the  law  of  "  equal  areas  "  (Art.  186).  This  makes  the  sun's 
apparent  eastward  motion  (in  longitude)  correspondingly  greater, 
and  hence  at  this  time  the  apparent  solar  days  exceed  the  sidereal 
by  more  than  the  average  amount,  making  the  sun-dial  days  longer 
than  the  mean.  (The  average  solar  day,  it  will  be  remembered,  is 
3"  56»  longer  than  the  sidereal.)  The  sun-dial  will  therefore  lose 
time  at  this  season,  and  will  continue  to  do  so  for  about  three 
months,  until  the  angular  motion  of  the  sun  falls  to  its  mean  value. 
Then  it  will  gain  until  aphelion,  when,  if  the  clock  and  the  sun 
were  started  together  at  perihelion,  they  will  once  more  be  together. 
During  the  next  half  of  the  year  the  action  will  be  reversed.  Thus, 
twice  a  year,  so  far  as  -the  eccentricity  of  the  earth's  orbit  is  con- 
cerned, the  clock  and  sun  would  be  together  at  peuhelion  and 
aphelion,  while  half-way  between  they  would  differ  by  about  eight 
minutes;  the  equation  of  time  (so  far  as  due  to  this  cause  only)  being 
about  +  8  minutes  in  the  spring,  and  —  8  minutes  in  the  autumn. 

803.  2.  The  Liclination  of  the 
Bdiptic  to  the  Equator.  —  Even  if 
the  nin's  (apparerW)  motion  in  lon- 
gitude (i.e.,  along  the  ecliptic)  were 
uniform,  its  motion  in  right  ascen- 
sion would  be  variable.  If  the 
true  and  fictitious  suns  started  to- 
gether at  the  equinox,  they  would 
indeed  be  together  at  the  solstices 
and  at  the  other  equinox,  because 
it  is  just  180°  from  equinox  to 
equinox,  and  the  solstices  are  ex- 


ig  EqostlOD  of  nine. 


^Oh  ■hrays  also  equals  Uie  sun's  mean  longitudt. 
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actly  half-way  between  them.  But  at  intermediate  points,  between 
the  equinoxes  and  solstices,  they  would  not  be  together  on  the  same 
hour-circle.  This  is  best  seen  by  taking  a  celestial  globe  and  mark- 
ing on  the  ecliptic  a  point,  m,  half-way  between  the  vernal  equinox 
and  the  solstice,  and  also  marking  a  point,  n,on  the  equator,  45° 
from  the  equinox.  It  will  at  once  be  seen  that  the  former  point,  m 
in  Fig.  63,'  is  west  of  n,  so  that  m  in  the  daily  westward  motion  of 
the  sky  will  come  to  the  meridian  first ;  in  other  words,  when  tlie 
sun  is  half-way  between  the  vernal  equinox  and  the  summer  solstice, 
the  sun-dial  is  faster  than  the  clock,  and  the  equation  of  time  is 
minus.  The  difference,  measured  by  the  arc  m'n,  ajnounts  to  nearly 
ten  minutes ;  ajid  of  course  the  same  thing  holds,  mutatis  mutandis, 
for  the  other  quadrants. 


804.  Combination  of  the  Eflects  of  the  Two  Canaes.  —  We  can  rep- 
resent graphically  these  two  components  of  the  equation  of  time 
and  the  result  of  their  combination  as  follows  (Fig.  64)  :  — 

The  central  horizontal  line  is  a  scale  of  dates  one  year  long,  the 
letters  denoting  the  beginning  of  each  month.     The  dotted  curve 
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FiQ.  64.  ~  Tbe  Equation  of  Time. 

shows  the  equation  of  time  due  to  the  eccentricity  of  the  earth's  or- 
bit, above  considered.  Starting  at  perihelion  on  December  31,  this 
'  component  is  then  zero,  rising  from  there  to  a  value  of  about  +  8" 
on  April  2,  falling  to  zaro  on  June  30,  and  reaching  a  second  maxi- 
mum of  —  8°  on  October  1.     In  the  same  way  the  broken-line  curve 

^  Fig.  6.^  repreeeDta  a  celestial  globe  viewed  from  the  viat  Mde,  the  uIb  being 
vertjcal,  and  K,  tbe  pole  of  the  ecliptic,  on  the  meridian,  while  B  is  tiie  veroal 
equinox. 


D.gitizect.yG00glc 


EQUATION   OF  TIME.  141 

denotes  the  effect  of  the  obliquity  of  the  ecliptic,  which,  by  itself 
alone  considered,  would  produce  an  equation  of  time  having  four 
maxima  of,  approximately,  lO"  each,  about  the  6th  of  February,  May, 
August,  and  November  (alternately  +  and  — ),  and  reducing  to  zero 
at  the  equinoxes  and  solstices.* 

The  full-lined  curve  represents  their  combined  effect,  and  is  con 
structed  by  making  its  ordinate  at  each  point  equal  to  the  sum 
(algebraic)  of  tlie  ordinates  of  the  two  other  curves.  At  the  1st  of 
February,  for  instance,  tlie  distance,  F  3,  in  the  figure  ^  F\  +  F2. 
So,  also,  M%^M A-\-M 5;  the  components,  however,  in  this  case 
have  opposite  signs,  so  that  the  difference  is  actually  taken. 

The  equation  of  time  is  zero  four  times  a  year,  viz.,  on  April  16, 
June  14,  September  1,  and  December  24.  The  maxima  are  Febru- 
ary 11,  +14"'  32»;  May  14,  - S"-  65';  July  26,  +6-  12',  and 
November  2,  —  IS""  18*.  But  the  dates  and  amounts  vaiy  slightly 
from  year  to  year. 

The  two  causes  above  discussed  are  only  the  principal  ones  effective  in 
producing  the  equation  of  time,  but  all  other  causes  combined  never  alter 
the  equation  by  more  than  a  few  seconds. 

809.  Preceuion  of  the  Eqniaozet.  —  The  length  of  year  was 
found  in  two  ways  by  the  ancients ;  — 

1.  By  the  gnomon,  which  gives  the  time  of  the  equinox  and 
solstice ;    and 

2.  By  observing  the  position  of  the  sun  with  reference  to  the 
stars,  —  their  rising  and  setting  at  sunrise  or  sunset. 

Comparing  the  results  of  observations  made  at  long  intervals, 
Hipparchus  (120  b.c.)  found  that  the  two  do  not  agree  ;  the  former 
year  (from  equinox  to  equinox)  being  20""  23*  shorter  than  the  other 
(according  to  modern  data).  The  equinox  moves  westward  on  the 
ecliptic,  as  if  it  advanced  to  -meet  the  sun  on  each  annual  return. 
He  therefore  called  its  motion  the  "precession  "  of  the  equinoxes. 

On  comparing  the  latitudes  of  the  stars  in  the  time  of  the  ancient 
astronomers  with  the  present  latitudes,  we  find  that  they  have 
changed  very  slightly  indeed ;  and  we  know  therefore  that  the 
ecliptic  maintains  its  position  sensibly  unaltered.  On  the  other 
hand,  the  longitudes  of  the  stars  have  been  found  to  increase  regu- 
larly at  the  rate  of  about  60".2  annually,  —  fully  30°  in  the  last 
2000  years.     Since  longitudes  are  reckoned  from  the  equinox  (the 

'  The  fact  that  our  afternoons  begin  to  lengthen  about  December  6  is  due  to 
llie  T^ld  decrease  of  the  equaUon  of  time  then  in  progresB. 
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intersection  between  the  ecliptic  and  equator),  and  since  the  ecliptic 
does  not  move,  it  is  evident  that  the  motion  mnst  be  in  the  eeleatitU 
equator;  and  accordingly  we  find  that  both  the  riffht  OMentum  and 
the  declination  of  the  stars  are  constantly  changing. 

206.  Kotioa  of  the  Pole  of  the  Equator  around  the  Pole  of  the 
Eoliptio.  —  The  obliquity  of  the  ecliptic,  which  equals  the  distance 
in  the  sky  between  the  pole  of  the  equator  and  the  pole  of  the 
ecliptic  (Art.  178),  has  remained  nearly  constant.  Hence  the  pole 
of  the  equator  must  be  describing  a  circle  around  the  pole  of  the 
ecliptic  in  a  period  of  al>out  25800  years  (360°  divided  by  50".2). 
The  pole  of  the  ecliptic  has  remained  nearly  fixed  among  the  stars, 
but  the  other  pole  has  changed  its  position  materially.  At  present 
the  pole  star  is  about  1^°  from  the  pole.  At  the  time  of  the  star 
catalogue  of  Hipparchus  it  was  12°  distant  from  it,  and  during  the 
nest  two  centuries  it  will  approach  to  within  about  30',  after  which 
it  will  recede. 

307.  U  upon  a  celestial  globe  we  take  the  pole  of  the  ecliptic  as  a  cen- 
tre, and  describe  about  it  a  circle  with  a  radius  of  23^°,  we  shall  get  the 
approximat«  track  of  the  celestial  pole,  and  shall  find  that  the  circle 
passes  very  near  the  star  a.  L;ne,  which  will  be  the  pole  star  about  12000 
years  hence.  Beckoning  backwards,  we  find  that  some  4000  years  ago 
a  Draconia  was  the  pole  star ;  and  it  is  a  curious  circumstance  that  oertun 
of  the  tunnels  in  the  pyramids  of  Egypt  face  exactly  to  the  north,  and  slope 
at  such  an  inclination  that  this  star  at  its  lower  culmination  would  have 
been  visible  from  their  lower  end  at  the  date  when  the  pyramids  are  sup- 
posed to  have  been  built.  It  is  probable  that  these  passages  were  arranged 
to  be  used  for  the  purpose  of  observing  the  transits  of  this  star. 

Because  of  the  changes  in  the  position  of  the  ecliptic  (Art.  Ifi7)  the  track 
of  the  pole  among  tlie  stars  is  not  a  perfect  circle ;  its  centre  is  not  fixed. 

SOS.  Eflect  of  Preoewion  upon  the  Signi  of  the  Zodiac.  —  Another 
effect  of  precession  is  that  the  iignt  ot  the  zodiac  do  not  now  agree  with  the 
consUllaiions  which  bear  the  same  name.  The  sign  of  Aries  is  now  in  the 
constellation  of  Pisces ;  and  so  on,  each  sign  having  "backed,"  so  to  speak, 
into  the  constellation  west  of  it. 

209.  Physical  Cause  of  Preceaiion.  —  The  physical  cause  of  this 
slow  conical  rotation  of  the  earth's  axis  around  the  pole  of  the 
ecliptic  lies  in  the  two  facts  that  the  earth  is  not  exactly  spherical, 
and  that  the  attractions  of  the  sun  and  moon^  act  upon  the  equatorial 

'  The  jjfanets,  hy  their  action  upon  the  plane  of  the  earth's  orbit  (Art.  197), 
slightly  disturb  the  equinox  in  Qte  opposite  directioti.  This  eflect  amounts  to 
about  0".  16  annually. 
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rwiy  of  matter  which  projects  above  the  true  sphere,  tending  to  dram 
the  plane  of  the  equator  into  coincidence  vrith  the  plane  of  the  ecUptie 
by  their  greater  attractioa  on  the  nearer  portions  of  the  ring.  The 
action  is  jnst  what  it  would  be  if  a  spheroidal  ball  of  iron  of  the 
shape  of  the  earth  had  a  magnet  brought  near  it.  The  magnet,  as 
illustrated  in  Fig.  65,  would  tend  to  draw  the  plane  of  the  equator 
into  the  line  CJf  joining  its  pole  with  the  centre  of  the  globe,  be- 
cause it  attracts  the  nearer  portion  of  the  equatorial  protuberance 
»— 1  at  E  more  strongly  than  the  remoter  at  Q.     If  it  were 

tiSf  not  for  the  earth's  rotation,  this  attraction  would 
bring  the  two  planes  of  the  ecliptic  and  equator  to- 
gether ;  bnt  since  the  earth  is  spinuii^  on  its  axis,  we 
get  the  same  result  that  we  do  with  the  whirling 


no.es. 
Fr«o«wtoD  UloatrMed  b;  the  ayrosove. 

wheel  of  a  gyroscope  by  hau^ng  a  weight  at  one  end  of  the  axis. 
We  then  have  the  result  of  the  combination  of  two  rotations  at  right 
angles  with  each  other,  one  the  whirl  of  the  wheel,  the  other  the 
"tip"  which  the  weight  tends  to  give  the  axis.  (Physics,  pp.  G3-64.) 

.810.  In  this  case,  if  the  wheel  of  the  gyroscope  is  turning  swiftly 
eloek^wise,  as  seen  from  above  (Fig.  66),  the  weight  at  the  (lower) 
end  of  the  axis  will  make  the  axis  move  slowly  around,  counter-clock- 
wise,  without  at  all  changing  its  inclination.  If  we  regard  the  hori- 
zontal plane  passing  through  the  gyroscope  as  representing  the 
ecliptic,  and  the  point  in  the  ceiling  vertically  above  the  gyroscope 
as  the  pole  of  the  ecliptic,  the  line  of  the  axis  of  the  wheel  produced 
upward  would  describe  on  the  ceiling  a  circle  around  this  imaginary 
ecliptic  pole,  acting  precisely  as  does  the  pole  oE  the  earth's  axis  in 
the  sky.     The  swifter  the  wheel's  rotation,  the  slower  would  be  this 
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"precessional"  motion  of  ita  axis;  and  of  course,  the  rate  of  motion 
also  depends  upon  the  magnitude  of  the  suspended  weight. 

211.  A  full  treatment  of  the  subject  would  be  too  complicated  for  our 
paj^es.  An  elementary  notion  of  the  way  the  action  takes  place,  correct  as 
far  ns  it  goes,  is  eaaily  obtained  by  reference  to  Fig.  67.  Let  XY  be  the 
axis  of  the  gjTOScope,  the  wheel  being  seen  in  section  edge-wise,  and  the  eye 
being  on  the  same  level  as  the  ceotre  of  the  wheel ;  the  wheel  turning  so 
that  the  point  B  is  coining  towards  the 

ohsen'er.  Now,  suppose  a  weight  hung 
on  the  lower  end  of  the  axis.  If  the 
wheel  were  not  turning,  the  point  B 
would  come  to  some  point  F  in  the  same 
time  it  now  takes  to  reach  C  (that  b, 
after  a  quarter  of  a  revolution).  By  com- 
bination of  the  two  motions  it  will  come 
to  a  point  K  at  the  end  of  the  same  time, 
having  crossed  the  horixontal  plane  AD 
at  L ;    and  this  can  be  effected  only  by  a  Fio.  OT. 

backward  "skewing  around"  of  the  whole      Regrcealon  of  the  OyroMope  Wheel. 
wheel,  axis  and  all-     This  does  not,  of 

course,  explain  why  the  inclination  of  the  axis  does  not  change  under  the 
action  of  the  weight,  but  is  only  a  very  partial  illustration,  showing  merely 
why  the  plane  of  the  wheel  regresses.  A  complete  discussion  would  require 
the  consideration  of  the  motion  of  every  point  on  the  wheel  by  a  thorough 
and  diHicult  analytical  treatment 

The  motions  of  the  earth's  axis,  discussed  in  Art.  108,  do  not  displace  the 
celestial  pole  with  reference  to  the  stars,  and  must  not  be  confounded  with 
precession. 

212.  Why  Frecetiion  i>  to  Slov.  —  The  slowness  of  the  precession 
depends  on  three  things :  (a)  the  enormous  "moment  of  rotation" 
of  the  earth  —  a  point  on  the  equator  moves  with  the  speed  of  a 
cannon  ball ;  (i)  the  smallness  of  the  mass  (compared  with  that  of 
the  whole  earth)  of  the  protuberant  ring  to  which  precession  is  due; 
and  ((■)  the  minuteness  of  the  force  which  tends  to  bring  this  ring 
into  coincidence  with  the  ecliptic,  a  force  which  is  not  constant  and 
persistent,  like  the  weight  hung  on  the  gyroscope  axis,  but  very 
variable. 

213.  The  Equation  of  the  Equinox.  —  Whenever  the  sun  is  in  the 

plane  of  the  equator  (which  is  twice  a  year,  at  the  time  of  the  equinoxes), 
the  sun's  precessional  force  disappears  entirely,  its  attraction  then  having  no 
tendency  to  draw  tlie  equator  out  of  its  position.  The  moon's  action,  on 
account  of  her  proximity,  is  still  more  powerful  than  that  of  the  sun ;  on  the 
average  two  and  a  half  times  as  great.  Now,  the  moon  crosses  the  celestial 
equator  twice  every  month,  and  at  those  times  her  action  ceases. 
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There  is  still  another  cause  for  variation  in  the  effectiveness  of  the  moon't 
attraction.  As  we  shall  see  hereafter,  she  does  not  move  in  the  ecliptic,  but 
in  a  path  which  cuts  the  ecliptic  at  an  angle  of  about  5°,  at  two  points  called 
the  Nodes;  the  ascending  node  being  the  point  where  she  crosses  the  ecliptic 
from  south  to  north.  These 
nodes  move  westward  on  the 
ecliptic  (Art.  455),  making 
the  circuit  once  in  about  nine- 
teen years.  Now,  when  the 
ascending  node  of  the  moon's 
"*  orbit  is  at  £  (Fig.  88),  near 

the  autumnal  eqninos  F,  its  inclination  to  the  equator  will  be,  as  the  figure 
shows,  lem  than  the  obliquity  of  the  ecliptic  by  about  5°;  i.e.,  it  will  be  only 
about  WP.  On  the  other  hand,  nine  aud  a  half  years  later,  when  the  node 
has  backed  around  to  a  point  A,  near  the  vernal  equinox,  the  inclination  of 
the  moon's  orbit  to  the  equator  will  be  nearly  •!%".  When  the  node  is  in 
this  position,  the  njoon  will  produce  nearly  twice  afi  much  precessional 
movement  each  month  as  when  the  node  was  at  B. 

The  precession,  therefore,  is  not  uniform,  but  variable,  almost  ceasing  at 
some  times  and  at  others  becoming  rapid.  This  causes  what  is  called  the 
equation  of  the  equinox. 

'  214.  VntatiotL  —  Not  only  does  the  precessional  force  vary  in 
amount  at  different  times,  but  in  most  positions  uf  the  disturbing 
body  with,  respect  to  the  earth's  equator  there  is  a  slight  thwaHwise 
component  of  the  force,  tending  directly  to  accelerate  or  retard  the  pre- 
cessional movement  of  the  pole  —  just  as  if  one  should  gently  draw 
the  weight  W  (Fig,  66)  horizontally.  The  consequence  is  what  is 
called  Nutation  or  "nodding."  The  axis  of  the  earth,  instead  of 
moving  smoothly  in  a  circle,  nods  in  and  out  a  little  with  respect  to 
the  pole  of  the  ecliptic,  describing  a  wavy  curve  resembling  that 
shown  in  Fig.  69,  bnt  with  nearly  1400  indentations  in  the  entire 
circumference  traversed  in  26,000  years, 

815.  We  distinguish  three  of  these  nutations,  (a)  The  Lunar  Nutation, 
depending  upon  the  motion  of  the  moon's  nodes. 
Ttiis  has  a  period  of  a  little  less  than  nineteen 
years,  and  amounts  to  9".2.  (6)  The  Solar  Nuta- 
tion, due  to  the  changing  declination  of  the  sun. 
Its  period  is  a  year,  and  its  amount  1".2.  (c)  The 
Mvnikly  Nutation,  precisely  like  the  solar  nutation, 
except  that  it  is  due  to  the  moon'»  changes  of  dec- 
tiuation  during  the  month.  It  is,  however,  too 
small  to  be  certainly  measured,  not  exceeding  one- 
tenth  of  a  second. 
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Nntatiim  wu  detected  by  Bradley  in  1728,  but  not  folly  explained  nntil 
1748. 

Neither  precession  nor  nutation  affectt  tht  latitudes  of  the  gtart,  nnee  they 
are  not  due  lo  any  change  in  the  poiition  of  the  ecliptic,  but  only'to  displacementt 
cf  the  earth's  axis.     The  longitudes  t^one  are  changed  b^  ihem, 

Tbe  right  aecerwion  and  decliTiatian  of  a  star  are  both  affected. 

216.  The  ThrM  Eindi  of  Tear.  —  In  consequence  of  the  modon 
A  of  the  equinoxes  caused  by  precession,  the  sidereal  year  and  the 
equinoctial  or  "  tropia^"  year  do  not  agree  in  length.  Althongh  the 
sidereal  year  is  the  one  which  represents  the  earth's  true  orbital  revo- 
lution aroOnd  the  sun,  it  is  not  nsed  as  the  year  of  chronology  and 
the  calendar,  because  the  seasona  depend  on  the  sun's  place  in  rela- 
tion to  tbe  equinoxes.  The  tropical  year  is  the  year  usually  employed, 
unless  it  is  expressly  stated  to  the  contrary.  The  length  of  the 
Sidereal  year  is  865*  e""  9"  9" ;  that  of  the  Tropical  year  ia  about 
20-  less,  365'  5''  48"  46'. 

Tbe  third  kind  of  year  ia  tbe  anomalistic  year,  which  is  the  time 
from  perihelion  to  perihelion  again.  As  the  line  of  apsides  of  the 
earth's  orbit  moves  always  slowly  towards  the  east,  this  year  is  a  little 
longer  than  the  sidereal.     Its  length  ia  365*  S*-  13"  48'. 

\  317.  The  Calendar.  —  The  natural  units  of  time  are  the  day,  the 
month,  and  the  year.  The  day,  however,  ia  too  short  for  convenient 
use  in  designating  extended  periods  of  time,  as  for  instance  in 
expressing  the  age  of  a  man.  The  month  meets  with  the  same 
objection,  and  for  all  chronol(^cal  purposes,  therefore,  the  yei^  is 
the  unit  practically  employed.  In  ancient  times,  however,  so  mu(^ 
regard  was  paid  to  the  month,  and  so  many  of  the  religious  belief 
and  observances  connected  themselves  with  the  times  of  the  new  and 
full  moon,  that  the  early  history  of  the  calendar  is  lai^ely  made  up 
of  attempts  to  fit  the  month  to  the  year  in  some  convenient  way. 
Since  the  two  are  incommensurable,  the  problem  ia  a  very  dilQcult, 
and  indeed  strictly  speaking,  an  impossible,  one. 

In  the  earliest  times  matters  seem  to  have  been  wholly  in  the  hands 
of  the  priesthood,  and  the  calendar  then  was  predominantly  luiiar, 
with  months  and  days  intercalated  from  time  to  time  to  keep  the 
eeasons  in  place.  The  Mohammedans  still  use  a  purely  lunar  calen- 
dar, having  a  year  of  twelve  lunar  months,  and  containing  alternately 
S54  and  355  days.  In  their  reckoning  the  seasons  fall,  of  course, 
continually  in  different  months,  and  their  calendar  gains  about  one 
year  in  thirty-three  upon  the  reckoning  of  Christian  nations. 
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S18.  Ibv  Kstonio  Cydt.  —  Among  the  Greeks  the  discoTfliy  of 
the  Bo-oalled  lunar  or  Metonio  cycle  by  Meton,  about  433  b.c,  con- ' 
siderably  simplified  matters.  This  cycle  conaiets  of  235  tynodw 
motUhg  (from  new  moon  to  new  again),  which  is  very  approximately 
equal  to  19  common  years  of  365^  days. 

235  months  equal  60390  jQb  aim ;  ig  tropical  years  equal  6939<>  14>>  27» ; 
so  that  at  the  end  of  the  19  years,  the  new  and  full  moon  recur  again  on  the 
same  days  of  the  year,  and  at  the  same  time  of  day  within  about  two  hours. 
The  calendar  of  the  phases  of  the  moon,  for  instance,  for  1889  is  the  same 
as  for  1870  and  1908,  except  that  intervening  leap-years  may  change  the 
dates  by  one  day. 

The  "  Golden  number  "  of  a  year  is  its  number  in  this  Metonic  cycle,  and 
is  found  by  adding  1  to  the  "  dat«-n umber  "  of  the  year  and  dividing  by  19. 
The  reminder,  unless  zero,  is  the  ■'  golden  number  "  (if  it  comes  out  zero, 
19  is  taken  instead).  Thus  the  golden  number  for  1888  is  found  by  divid- 
ing 1889  by  19,  and  the  remainder  8  is  the  golden  number  of  the  year. 

This  cycle  is  still  employed  in  the  ecclesiastical  calendar  in  finding  the 
time  of  Easter. 

The  still  more  accurate  CoUlpIc  cycle  consists  of  76  years,  or^ur  Metonio 
I  cycles,  and  so  takes  account  of  the  leap-years. 

219.  Jnlian  Calendar.  — Until  the  time  of  Julius  Ctesar  the  Roman 
calendar  seems  to  hare  been  based  upon  the  lunar  year  of  twelve 
roontiks,  or  856  days,  and  was  Bubstantially  like  the  modem  Mohamme- 
dan calendar,  with  arbitrary  intercalations  of  monthd  and  days  made  by 
the  priesthood  and  magietrates  from  time  to  time  in  order  to  bring  it 
into  accordance  with  the  seasons.  In  the  later  days  of  the  Republic, 
the  oonfusion  had  become  intolerable.  Ceesar,  with  the  help  of  the  as- 
tronomer Sosigeues,  whom  he  called  from  Alexandria  for  the  purpose, 
reformed  the  syeteni  in  the  year  45  b.c,  introducing  the  so-called 
"Julian  calendar,"  which  is  still  used  either  in  its  original  shape  or 
with  a  very  slight  modification.  He  gave  np  entirely  the  attempt  to  co- 
ordinate the  month  with  the  year,  and  adopting  365}^  days  as  the  true 
length  of  the  tropical  year,  he  ordained  that  every  fourth  j'ear  should 
contain  an  extra  day,  the  siath  day  before  the  Kalends  of  March  on  that 
year  being  counted  twice,  whence  the  year  was  called  "  hiasextUe." 
Before  his  time  the  year  had  begun  in  March  (as  indicated  by  Uie 
Roman  names  of  the  months,  —  September,  seventh  month ;  October, 
eighth  month,  etc.),  but  he  ordered  it  to  begin  on  the  1st  of  January, 
which  in  that  year  (45  b.c.)  was  on  the  day  of  the  new  moon  next  fol- 
lowing the  winter  solstice.  In  introducing  the  change  it  was  necessary 
to  make  the  preceding  year  445  days  long,  and  it  is  still  known  in 
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the  annals  as  "  the  jear  of  confusion."     He  also  altered  the  name 
of  the  month  Quintilis,  calling  it  "July  "  after  himself. 

There  weis  some  irregularity  in  the  bissextile  years  for  a  few  years  after 
Cesnr's  death,  froii)  a  misunderstanding  of  his  rule  for  the  intercalary  day  ; 
but  bis  successor  Augustus  remedied  that,  and  to  put  himself  on  the  same 
level  with  his  predecessor,  he  took  possession  of  the  month  Sextilis,  calling 
it"August"',  and  to  make  its  leugth  as  great  as  that  of  July,  he  robbed 
February  of  a  day. 

From  that  lime  on,  the  Julian  calendar  continued  unbrokenly  in  use  until 
I5S2  ;  and  it  is  still  the  calendar  of  Kussia  and  of  the  Greek  Church. 

220.  The  GregoriEm  Calendar.  —  The  Julian  calendar  is  not  quite 
correct.  The  true  length  of  the  tropical  year  is  365  days  5  hours 
48  minutes  and  46  seconds,  and  this  leaves  a  difference  of  11  minutes 
and  14  seconds  by  which  the  Julian  calendar  year  is  the  longer,  be- 
ing exactly  liQrt^  days.  As  a  consequence,  the  date  of  the  equinox 
comes  gradually  earlier  and  earlier  by  about  three  days  in  400  years. 
(400  X  llij"  =  4403  minutes  ^  3''  2"  53"".)  In  the  year  1582,  the 
date  of  the  vernal  equinox  had  fallen  back  10  days  to  the  11th  of 
MarcJi,  instead  of  occiirring  on  the  21st  of  March,  as  at  the  time  of 
the  Council  at  Nice,  326  a.d.  Pope  Gregory,  therefore,  acting  under 
the  advice  of  the  Jesuit  astronomer,  Olavius,  ordered  that  the  day 
following  October  4  in  the  year  1582  should  be  called  not  the  6th, 
but  the  15th,  and  that  tlie  rule  for  leap-year  should  be  slightly 
changed  so  as  to  prevent  any  such  future  dis])lacement  of  the  equi- 
nox. The  rule  now  stands :  A/l  years  whose  date-number  is  divisible 
by  four  withnnt  a  remninder  <ire  Uajt-t/eura,  unless  they  are  eenfury 
years  (1700,  1800,  etc.).  The  century  years  are  not  leaj^yeura  unless 
their  date-numher  is  divisible  by  400,  in  which  case  they  are:  that  is, 
1700, 1800,  and  1900  are  not  leap  years  ;  but  1600,  2000,  and  2400 
are. 

221.  Adoption  of  the  ITew  Calendar.  —  The  change  was  immedi- 
ately adopted  by  all  Catholic  nations;  but  the  Greek  Church  and 
most  of  the  Protestant  nations,  rejecting  the  Pope's  authority,  de- 
clined to  accept  the  correction.  In  England  it  was  at  last  adopted 
in  the  year  1752,  at  which  time  there  was  a  difference  of  eleven 
days  between  the  two  calendars.  (The  year  1600  was  a  leap-year 
according  to  the  Gregorian  system  as  well  as  the  Julian,  but  1700 
was  not.)  Parliament  in  1751  enacted  that  the  day  following  the 
2d  of  September,  in  the  year  17.52,  should  be  called  the  14th  instead 
of  the  3d;  and  also  that  this  year  (1752),  and  all  subsequent  years, 
should  begin  on  the  first  of  January. 
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The  change  was  made  under  very  great  opposition,  and  there  were  violent 
riots  in  consequence  in  diiferent  parts  of  the  country,  especially  at  Bristol, 
where  several  persona  were  killed.  The  cry  of  the  populace  was,  "  Give  us 
back  our  fortnight,"  tor  they  supposed  they  had  been  robbed  of  eleven  days, 
although  the  act  of  Parliament  was  carefully  framed  to  prevent  any  injustice 
in  the  collection  of  interest,  payment  of  rents,  etc. 

At  present,  since  the  year  ISOO  was  not  a  leap-year  according  to  the 
Gregorian  calendar,  while  it  was  so  according  to  the  Julian,  the  difference 
between  the  two  calendars  amounts  to  twelve  days  ;  thus  in  Russia  the  19th 
of  August  would  be  reckoned  as  the  Tth,  In  Russia,  however,  for  scientific 
and  comnjercial  purposes  bolk  dates  are  very  generally  used,  so  that  the  date 
mentioned  would  be  written  August  y'g.  When  Alaska  was  annexed  to  the 
United  States,  its  calendar  had  to  be  altered  by  eleven  days.    (See  Art.  123.) 

Since  February  28,  1000  (Gregorian),  the  difference  has  been  thirteen 
days,  and  will  remain  so  until  a.u.  2100. 

232.  The  Beginmng  of  the  Year.—  The  beginning  of  the  year  has 
been  at  several  different  dates  in  the  different  countries  of  Europe.  Some 
have  regarded  it  as  beginning  at  Christmas,  the  25th  of  December ;  others, 
on  the  lat  of  January ;  others  still,  on  the  Ist  of  March ;  others,  on  the 
25th ;  and  others  still,  at  Easter,  which  may  fall  on  any  day  between  the 
22d  of  March  and  the  25th  of  April. 

In  England  previous  to  the  year  1752  the  legal  year  commenced  on  the 
25th  of  March,  ao  that  when  the  change  was  made,  the  year  1751  necessarily 
lost  ita  months  of  January  and  February,  and  the  first  twenty-four  days  of 
March.  Many  were  slow  to  adopt  this  change,  and  it  becomes  necessary, 
therefore,  to  use  considerable  care  with  respect  to  English  dates  which  occur 
in  the  months  of  January,  February,  or  March  about  that  period.  The 
month  of  February,  1755,  foe  instance,  would  by  some  writers  be  reckoned 
as  occurring  in  1754.     Confusion  is  best  avoided  by  writing  February  |Jf  J. 

The  so-called  Fictitious  Year,  used  in  the  reduction  of  atar-places  (Art. 
797),  begins  at  the  moment  when  the  sun's  mean  longitude  a  280".  This 
always  occurs  sometime  during  the  31st  of  December. 

223.  Pint  and  Last  Dayi  of  the  Year.  —  Since  the  ordinary  civil  year 
consists  of  305  days,  which  is  52  weeks  and  one  day,  the  last  day  of  each 
common  year  falls  on  the  same  day  as  the  first;  so  that  any  given  date  will 
fall  one  day  later  in  the  week  than  it  did  on  tlie  preceding  year,  unless  a 
29th  of  February  has  intervened,  in  which  case  it  will  be  (ico  days  later; 
that  is,  if  the  3d  of  January,  1889,  falls  on  Thursday,  the  same  date  in  1890 
will  fall  on  Friday. 

223».  Julian  Period  and  Julian  Epoch.  —  The  Julian  Period  con- 
sists of  7980,  (28  X  19  X  15),  Julian  years,  each  containing  exactly 
365irlay3,  and  its  starting-point  or  "Epoch"  is  January  1,  4713  b.c, 
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the  Julian  date  of  January  1,  1  a.  d.,  being  j.e.  4714.  It  was 
proposed  by  J.  Scaliger  in  1582  as  a  anireraat  harmonizer  of  the 
different  systems  of  chronological  reckoning  then  in  use,  and  its 
adoption  has  brought  order  out  of  confusion.  It  is  extensively 
employed  in  astronomical  calculations,  the  date  of  any  phenomenon 
being  expressed  beyond  all  ambiguity  either  by  the  (Julian)  year 
and  day,  or  still  more  simply,  as  day  number  so  and  so  of  the  Julian 
era.  Thus  the  date  of  the  solar  eclipse  of  August  9, 18%,  is  j.e., 
year  6609,  222d  day,  or  simply  Julmn^ay  2  413781,  and  this  ia 
perfectly  definite  to  every  astronomer,  whether  he  be  American, 
Russian,  Hebrew,  Mohammedan,  or  Chinese. 

The  number  of  days  between  any  two  eventa,  even  centuries  apart, 
is  at  once  found  by  merely  taking  the  difference  between  their  Julian- 
day  numbers. 

The  I^'autical  Almanacs  ^ve  the  Julian  year  and  the  Julian  day 
corresponding  to  January  1  of  each  year.     Thus 

1896  =  Jolian  Year  «609.  Janawy  1, 1896  =  JoUan  Day  2  413580. 

1897  =      "         "    6810.  "       1,  1897  =      "         "2  413026. 

1898  =      "          "    6611.  "        1,  1898  =      "         "2  41*291. 

1899  =      "         »    6612.  "        1,  1899  =      "         "2  414656. 

8S4.  Aberration.  —  Although  in  etrictoesB  tlie  diecnnk>ii  at  aberration 
does  not  belong  to  a  chapter  describing  the  earth  and  its  motions,  yet  since  it  ii 
a  pbenomenoD  due  to  the  earth's  motion,  and  aSecU  the  right  Bscenaion  and 
declination  of  the  stara  in  mnch  the  aame  way  as  do  precenion  and  nntMlon,  It 
may  properly  enongh  be  considered  bete. 

Aberration  m  the_  apparent  displacemetii  qf  a  star,  due  to  the  eottiM- 
nation  o?"  tlie  motion  of  light  with  the  vwtion  qf  the  observer. 

The  direction  in  which  we  have  to  point  our  telescope  in  observing 
a  star  is  not  the  same  that  it  would  be  if  the  earth  were  at  rest.  It 
lies  beyond  our  scope  to  show  that  according  to  the  wave  theory  of 
light  the  apparent  direction  of  a 
ray  will  be  affected  by  the  ob- 
server's motion  precisely  in  the 
same  way  (within  very  narrow 
limits)  as  it  would  be  if  light 
consisted  of  corpuscles  shot  off 
from  a  luminous  body,  as  Newton 
supposed.  This  is  the  case,  how- 
ever, as  Doppler  and  others  have 
shown ;  and  assuming  it,  the  ex- 
planation of  aberration  is  easy : 
Suppose  an  observer  standing  at 


AberraUon  of  a  Balndrop. 
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rest  with  a  tube  in  Ms  hand  in  a  shower  of  rain  where  the  drops  are 
falling  verticallj.  If  he  wishes  to  have  the  diopa  descend  axially 
through  the  tube  without  touching  the  sides,  he  must  of  course  keep 
it  vertical ;  but  if  he  advances  in  any  direction,  he  must  draw  back  the 
bottom  of  the  tnbe  hy  an  amount  which  equals  the  advance  he  makes 
in  the  time  while  the  drop  is  falling  through  the  tube,  so  that  when 
the  drop  falling  from  B  reaches  A',  the  bottom  of  the  tube  will  be 
there  also ;  i.e.,  he  muat  incline  the  tube  forward  by  an  angle  a,  such 
that  tan  a=u-~  V,  where  V  is  the  velocity  of  the  raindrop  and  u 
that  of  his  own  motion.     In  Fig.  70  BA'  =  V  and  AA'  =  u. 

SSO.  "Sow  take  the  more  general  case : 
Suppose  a  star  sending  us  light  with  a 
velocity  V  in  the  direction  SB,  Fig,  71, 
which  makes  the  angle  6  with  the  line 
of  the  observer's  motion.  He  himself 
la  carried  by  the  earth's  orbital  velocity 
in  the  direction  QP.  In  pointing  the 
telescope  so  that  the  light  may  pass  ex- 
actly along  its  optical  axis,  he  will  have 
to  draw  back  the  eye-end  by  an  amount 

-Ab«mi™<rfLi^.       C^'  "'"'"^  J"**  «^^^5  ^^^  distance  he 

is  carried  by  the  earth's  motion  during 
the  time  that  the  light  moves  from  O  to  P.  The  star  will  thus 
apparently  be  displaced  towards  the  point  towards  which  he  is  mov- 
ing, the  angle  of  displacement  POQ,  or  a,  being  determined  by 
the  relative  length  and  direction  of  the  two  sides  OB  and  QBot  the 
triangle  OBQ.  These  sides  are  respectively  proportional  to  the 
velocity  of  light,  V,  and  the  orbital  velocity  of  the  earth,  u. 

The  angle  at  P  being  0,  the  angle  OQP  will  ho  ($  —  a),  and  we  ahull 
luve  from  trigonometry  the  proportion  sin  a  :  bid  (9  —  a)  =  u  r  V. 

To  find  a  from  this,  develop  the  second  term  of  the  proportion  and  divide 
the  first  two  terms  by  sio  a,  which  gives  ue 

l:Bm/)cota~coa^  =  u:Ft 
whence 

uaaffcota=  r+wcoBft 
and 

usm  0 
Taking  the  reciprocal  of  this,  we  have 
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The  second  term  in  the  denominator  Ib  insensible,  since  u  is  only  about  one 
ten-lhoua&iitttli  of  (',  so  that  we  may  neglect  it.'  This  gives  the  formula 
in  the  shape  in  which  it  ordinarily  appears,  viz., 


The  vaJue  of  a  (denoted  by  a^)  which  obtains  when  9  =  90°  and 
sin  ^^unity,  is  called  the  Constant  of  Aberration. 

The  value  of  this  constant,  adopted  by  the  Astronomical  Confer- 
ence at  I'aris  in  1896,  is  20,47,,  but  is  still  uncertain  by  at  least 
0".O2  or  0".O3.  Aberration  was  discov- 
ered and  explained  by  Bradley,  in  1726. 

2S6.  The  Efieot  of  Aberration  npon  the 
Apparent  Places  of  the  Stars.  —  As  the 
earth  moves  in  an  orbit  nearly  circular, 
and  with  a  velocity  so  nearly  uniform  that 
we  may  for  our  jiresent  purpose  disregard 
its  variations,  it  is  clear  that  a  star  at  the 
pole  of  the  ecliptic  will  be  always  displaced 
by  the  same  amount  of  20".5,  but  in  a  di- 
rection continually  changing.  It  must, 
therefore,  appear  to  describe  a  little  circle 
41"  in  diameter  during  the  year,  as  shown  in  Fig.  72.  Kow  the 
direction  of  the  earth's  orbital  motion  is  always  in  the  plane  of  the 
ecliptic,  and  towards  the  right  hand  as  we  stand  facing  the  sun. 
At  the  vernal  equinox,  therefore,  we  are  moving  toward  the  point 
of  the  ecliptic,  which  is  90°  west  of  the  sun,  i.e.,  towards  the  winter 
solstitial  point,  and  the  star  is  then  displaced  in  that  direction. 
Three  months  later  the  star  will  be  displaced  in  a  line  directed  to- 
wards the  vernal  equinox,  and  80  on.  The  earth,  therefore,  so  to 
speak,  drives  ike  star  before  it  in  the  aberrational  orbit,  keeping  it 
just  a  quarter  of  a.  revolution  ahead  of  itself. 

A  star  on  the  ecliptic  simply  appears  to  oscillate  back  and  forth 
in  a  straight  line  41"  long. 

Generally,  in  any  latitude  whatever,  the  aberrational  orbit  is  an 
ellipse,  having  its  major  axis  parallel  to  the  ecliptic,  and  always  41" 

1  The  velocity  of  light,  according  to  the  lat«Kt  determinations  of  Newcomband 
Michelaon,  is  21)11800  kiiomel^re  ±  30  kilonielcrs  (which  equals  186330  miles  ±  20 
mllcB).  Tb«  mean  velocity  of  the  earth  in  its  orbit,  if  we  assume  the  solar  paral- 
lax to  be  8".6,  is  29.TT  kilometera,  or  18.50  miles  ;  this  makes  the  constant  of 
aberration  S0".4T8,  a  little  larger  than  that  given  in  the  text. 
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long,  while  its  minor  axis  is  41"  x  sin  ^,  /3  being:  the  star's  latitude, 
or  distance  from  tbe  ecliptic. 

It  is  worth  noting  that  since  the  ■'  bodt^raph  " '  of  the  earth's  orbital 
motion,  as  shown  by  llamUton,  is  an  exact  circle,  the  aberrational  orbit  is 
also  a  circle,  notwithstanding  the  eccentricity  of  the  earth's  orbit,  and 
tbe  variations  in  its  velocity;  but  tbe  mean  place  of  the  star  (i.e.,  the  place 
it  would  occupy  if  there  were  no  aberration)  is  not  exactly  in  tbe  centre  of 
this  circle. 

2S6*.  Siomal  Aberration.  —  The  motion  of  an  observer  due  to  the 
earth's  rotation  also  produces  a  slight  effect  known  as  the  diurnal  aberration. 
Its  •'constant"  b  only  0".31  for  an  observer  situated  at  the  equator;  any- 
niiere  else  it  is  0".31  cos  ^,  ^  being  tbe  latitude  of  the  observer. 

For  any  given  slar^t  is  a  masimum  when  the  star  is  crossing  tbe  merid- 
ian, and  then  its  wboU  effect  is  slightly  to  increase  (*e  right  aacension  by  an 
amount  given  by  the 'formula,  ^  =  0".31  cos  ^  sec  S,  8  being  the  star's 
declination. 


EXBBCISEa    OK   CaAFTBB  YI. 

-  1.  What  is  the  meridian  altitude  of  tbe  sun  at  Princeton  (Lat.  40°  21') 
on  the  day  of  tbe  summer  solstice  ? 

-^2.  What  is  the  sun's  approximate  right  ascension  at  that  time? 

^  3.  On  what  days  daring  the  year  will  the  sun's  right  ascension  be 
aj^roiimately  an  even  hour  (i.e.,  0  b.  2  h.  4  h.,  etc)? 

.    4.  On  what  days  will  it  be  an  odd  hour? 

-  5.  What  is  the  approximate  sidereal  time  at  Id  p.m.  on  May  12? 

Am.    13  h.  26  min. 

-  U,  At  what  time  will  Arcturus  (R.  A.  =  14  h.  10  min.)  come  to  the 
meridian  on  August  1  ? 

Am.   About  5  fa.  26  min.  p.m. 

-  7.  Abont  what  time  of  night  is  Mizar  (R.  A.  =  13  h.  20  min.)  vertically 
under  tbe  pole  on  October  10  ? 

Ant.   Midnight. 
^  8.  In  what  Utitnde  has  the  sua  a  meridian  altitude  of  80°  on  June  21 1 

An*.    +33°  27'. 

■  Tbe  hodograph  of  an  orbit  Is  a  curve  in  which  the  direction  of  the  radius 
vccloT  at  each  point  is  tbe  direction  of  the  orbital  motion  at  tbe  correspondhig 
point  of  the  orbit,  and  Its  length  is  proportional  to  the  velocity, 
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9.  Wliat  ore  tbe  longitude  and  latitude  (celestial)  of  the  north  i^'i'ft'y' 
pole? 

10.  What  an  the  right  asoeueion  and  declination  of  the  north  pola  of 
the  ecliptic? 

11.  What  are  the  greatest  and  leaat  angles  made  by  the  ecliptic  with  the 
horizon  at  New  York  (Lat.  40°  43')  ? 

Am.    (&0°-40''43')±23<'27'. 

12.  Does  the  vemal  equinox  always  occur  on  tbe  same  day  of  the  month? 
If  not,  why  not?    And  how  much  can  the  date  vary? 

13.  Will  the  ephemeria  of  the  sun  for  one  year  be  correct  for  every  other 
year,  and,  if  not,  how  much  can  it  be  in  error? 

Aiu.  A  difference  of  one  and  tbree^qnarters  days  motion  of  tbe  sun  is 
possible ;  as,  for  instance,  between  1897  and  1903,  tiM  leap-year  being 
omitted  in  1900. 

14.  When  the  sun  is  in  tbe  sign  of  Cancer  in  what  constellation  is  he  ? 

15.  Wliat  obliquity  of  the  ecliptic  vould  reduce  the  width  of  the  tem- 
perate zone  to  zero? 

16.  How  long  before  the  earth  will  be  in  perihelion  on  July  1,  instead 
of  January  1  as  at  present?    (See  Arts.  199,  206  and  216.) 

17.  What  will  be  the  Russian  date  correapondiDg  to  February  28,  1900, 
in  our  calendar?    What  corresponding  to  May  1  of  the  same  year? 

18.  When  the  equation  of  time  is  10  min.,  as  it  is  on  November  1,  how 
does  the  forenoon  from  sunriae  till  12  o'clock  compare  in  length  with  tbe 
afternoon  from  12  o'clock  till  sunset? 

19.  Why  do  the  afternoons  begin  to  lengthen  about  December  8,  a 

fortnight  before  the  winter  solstice? 

20.  There  were  five  Sundays  in  February,  1880.  The  same  thing  has 
not  occurred  since,  and  will  not  until — when? 

Am.   1920. 

Horn  TO  Abt.  182. 
The  difference  between  tbe  radius-vector  of  the  ellipse,  and  that  of  the 
eccentric  circle  proposed  by  Hipparchus  for  the  orbit  of  the  earth.  Is  so  small 
that  the  method  given  in  the  text  would  not  practically  suffice  to  discriminate 
between  them.  But  tbe  investigation  of  Newton  (Arts,  421  and  1006)  sbona 
that  tbe  orbit  mutl  be  elliptical  like  that  of  the  other  planets. 
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THB   MOON  :     HKE   ORBITAL   MOTION   AND    VAniOUS    KINDS   OF 
HOSTH.  - —  DISTANCE  AND  DIMENSIONS,  MASS,  DENSITY,  AND 

QEAVITY. BOTATION  AND  UBRATIONS.  ■ —  PHASES UGHT 

AND  HEAT.  —  PHT8I0AL  CONDITION  AND  INFLUENCES  BX- 
ERTED  ON  THE  EARTH.  —  TBLE8C0PIC  ASPECT.  —  SUEFACK 
AND  POSSIBLE  CHANQB8   UPON  IT. 

827.  We  pass  next  to  a  consideratiou  of  our  neareet  neigliboT  in 
the  celestial  epaces,  the  moon,  which  is  a  satellite  of  the  earth  and 
accompanies  ub  in  out  annual  motion  aconnd  the  bud.  She  is  much 
smaller  than  the  earth,  and,  compared  with  most  of  the  other  beav- 
taly  bodies,  a  very  insignificant  affair ;  but  her  proximity  makes 
her  far  more  important  to  us  than  any  of  them  except  the  sun.  The 
very  beginnings  of  Astronomy  seem  to  have  originated  in  the  study 
of  her  motions  and  in  the  different  phenomena  which  she  causes, 
such  as  the  eclipses  and  tides ;  and  in  the  development  of  modem 
theoretical  astronomy  the  lunar  theory  with  the  problems  it  raises 
has  been  perhaps  the  most  fertile  field  of  invention  and  discovery. 

as.  Apparent  Hotion  of  the  Hoon. — Even  superficial  observation 
shows  that  the  moon  moves  eastward*  among  the  stars  every  night, 
completing  her  revolution  from  star  to  star  again  in  about  27^  days. 
In  other  words,  she  revolves  around  the  earth  in  that  time;  or, 
more  strictly  speaking,  they  both  revolve  about  their  common  oentre 
of  gravity.  But  the  moon  is  bo  much  smaller  than  the  earth  that 
this  centre  of  gravity  is  situated  within  the  ball  of  the  earth  on  the 
line  joining  the  centres  of  the  two  bodies  at  a  point  about  1100  miles 
below  its  surface. 

As  the  moon  moves  eastward  so  much  faster  than  the  sun,  which 
takes  a  year  to  complete  its  circuit,  she  every  now  and  then,  at 
the  time  of  the  new  moon,  overtakes  and  passes  the  sun ;  and  as  the 
phases  of  the  moon  depend  upon  ber  position  with  reference  to  the 
sun,  this  interval  from  new  moon  to  new  moon  is  what  we  ordinarily 
understand  as  the  month. 

>  She  moves  in  declination,  also,  —  alternately  Dorth  and  soath  (Art  234). 
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889.  Sidereal  and  Synodic  Berolutioni.  —  The  Sidebeai.  reimltt. 
Hon  of  the  moon  it  the  time  occupied  in  passing  from  a  star  to  the  same 
star  again,  a£  the  name  implies.  It  averages  27'*  7"  43"  11'.66  ±0*.03, 
01  27*'.32166,  but  varies  as  much  as  3  hours  on.  account  of  the 
eccentricity  of  its  orbit  and  "perturbations." 

The  moon's  daily  motion  among  the  stars  equals  360° -^  27.32166, 
or  13°  11'  (nearly). 

Th^  Synodic  revolution  is  the  interval  from  new  moon  to  new  moon 
again,  or  from  full  to  full.  It  Taries  about  13"  on  account  of  the 
eccentricity  of  the  moon's  orbit  and  of  that  of  the  earth  around  the 
sun,  but  its  mean  value  is  29"  12"  44"  2'.86  ±  0'.03,  or  29^.53059; 
and  this  is  the  ordinary  month.  (The  word  synodic  is  derived  from 
the  Greek  ctvf  and  6Sk,  and  has  nothing  to  do  with  the  nodes  of  the 
moon's  orbit.     The  word  is  sgn-odie,  not  sy-nodic.) 

A  syuodical  revolution  is  longer  than  the  sidereal,  because  during 
each  sidereal  month  of  27.3  days  the  sun  has  advanced  among  the 
stars,  and  must  be  overtaken. 

830.  Elongation,  Syzygy,  etc.  -^  The  angular  distance  of  the  moon 
from  the  sud  is  called  its  Elongation.  At  new  moon  it  is  zero,  and 
the  moon  is  then  said  to  be  in  "  Conjun^ion."  At  full  moon  it  is 
180°,  and  the  moon  is  then  in  "  Op}>osition."  In  either  case  the 
moon  is  said  to  be  in  "  Syxygy"  (trw  fvyifv).  When  the  elongatioD 
Is  90°,  as  at  the  half-moon,  the  moon  is  in  *'  Quadratwre." 

831.  Setemdnation  of  the  Hoon's  Sidereal  Period.  —  This  is 
effected  directly  by  observations  of  the  moon's  right  ascension  and 
dedination  (with  the  meridian  circle),  kept  up  systematically  for  a 
sufflcient  time. 

If  it  were  not  for  the  so-called  "secular  acceleration"  of  the 
moon's  motion  (Arts.  459-461),  an  exceedingly  accurate  determina- 
tion of  the  moon's  synodic  period  could  be  obtained  by  comparing 
ancient  eclipses  with  modern. 

The  earliest  authentically  recorded  eclipse  is  one  that  was  observed 
at  Nineveli  in  the  year  763  B.C.  between  9  and  10  o'clock  on  the 
morning  of  June  15th. 

By  comparing  this  eclipse  with  (say)  the  eclipse  of  August,  1887, 
we  have  an  inter\-ft!  of  more  than  30000  months,  and  so  an  error  of 
ten  hours  even,  in  the  observed  time  of  the  Nineveh  eclipse,  would 
make  only  aliout  one  second  in  the  lengtli  of  the  month.  But  the 
month  is  a  little  shorter  now  than  it  was  2000  years  ago. 
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S3S.    Sttlation  of  Sidereal  and  Synodic  Feriodt.  —  The  fractjon  at 

a  revolntioa  described  by  the  moon  in  one  day  equals  — ,  3f  being  the 

M  J 
length    of   the    tidereal   month.      In   the   same    way  —  represents 

the  earth's  daily  motion  in  its  orbit,  E  being  the  length  of  tfae  year. 
Tbe  difference  of  these  two  equals  the  fraction  of  a  revolution  which 
the  moon  gai»»  on  the  san  during  one  day.  In  a  eynodio  month,  S,  it 
gains  one  whole  revolution,  and  therefore  must  gain  each  day  -^  of  a 
levolution  ;  so  that  we  have  the  equation 

M     E~S'' 
ta,  snbfltitating  the  numerical  values  of  E  and  S, 


M     365.25685      29.53059 
Thence  we  derive  the  value  of  M. 

Another  way  of  looking  at  it  b  this :  In  a  year  there  must  be  exactly  one 
mare  sidereal  revolution  than  there  are  Bynodic  revolutione,  because  the  sun 
completes  one  entire  circuit  in  that  time.  Now  the  number  of  synodic  revo- 
hitiona  in  a  year  ia  given  by  the  traction 


865t_ 


12.369 -(-■ 


Here  will  ther«{ore  be  13.360  sidereal  revolntions  In  the  year,  and  the 
length  of  one  sidereal  revolution  equals  365^  days  divided  by  this  number 
13.360,  which  will  be  found  to  give  the  length  of  the  sidereal  revolution  ai 
before. 

233.  Moon's  Path  among  the  Stan.  —  By  observing  with  the  me- 
ridian drclfl  the  right  aacension  and  declination  of  the  moon  dtuly 
daring  the  month,  just  as  in  the  case  of  the  ana,  we  obtain  the  post* 
tion  of  tbe  moon  for  each  day,  and  Joiuiug  the  points  thus  found,  we 
can  draw  the  path  of  the  moon  in  the  sky.  It  is  a  great  circle, 
cutting  the  ecliptic  in  two  points  called  the  nodes,  at  an  angle  which 
ranges  from  4°  67'  to  5°  20',  the  mean  being  about  S"  08'. 

We  say  the  path  is  found  to  he  a  great  circle.  This  must  be  taken 
with  some  reservation,  since  at  the  end  of  the  month  the  moon  never 
letums  2>reciaelt/  to  the  position  it  occupied  at  the  beginning,  owing 
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to  the  regression  of  the  nodeB  and  other  BO-oalled  "  perturbations," 
vhioh  will  be  disouased  hereafter. 

231.  Moon's  Keridian  Altitad«.  — Since  Hie  moon's  orbit  la  inclined 
to  the  ecliptic  5^  8',  its  inclination  to  the  equator  varies  from  28°  36'  (23°  28* 
+  5°  8'),  when  the  moon's  aeoending  node  is  the  vernal  equinox,  to  18°  20*, 
Then,  9}  years  later,  the  same  node  is  at  the  antumnal  equinox.  In  the  first 
ease  the  moon's  declination  will  change  daring  the  month  by  57°  12', 
from  -  28°  88'  to  +  28^  38'.  In  the  other  case  it  will  diange  only  by  86°  40*. 
Since  the  range  of  the  moon's  meridian  altitude  is  the  same  as  that  of  its 
declination,  the  difference  becomes  striking. 

236.  Interval  between  Koon'a  Transits.  —  On  the  average  the  mooo 
gMDB  12°  iVA  on  the  sun  daily,  eo  that  it  cornea  to  the  meridian  abont 
51  minutes  of  solar  time  later  each  day. 

To  find  the  mean  interval  between  the  successive  transits  of  the 
moon  we  may  aae  the  proportion 

(360' -12*  ll'.4):S60°  =  24'':a!;  whence  ai  =  24'' fiO",6. 

The  variations  of  .the  moon's  motion  in  right  ascenaioo,  which  are 
very  considerable  (much  greater  than  in  the  case  of  tlie  snn) ,  cause 
this  interval  to  vary  from  24''  Sfi"  to  26'-  OS". 

236.  The  Daily  Betardation  of  the  Hoon'i  Rising  and  Setting.— 
The  average  daily  retardation  of  the  moon's  rismg  aitd  setting  is, 
of  course,  the  same  as  that  of  her  passage  abross  tiie  meridian, 
viz.,  51";  but  the  actoal  retardation  of  rising  is  subject' to  verj' 
much  greater  variations  than  those  of  the  meridian  passage,  being 
affected  by  the  moon's  changes  in  declination  as  well  as  by 
the  inequalities  of  her  motion  in  right  ascension.  When  the  moon 
is  very  far  north,  having  her  maximum  declination  of  28°  36',  she 
will  rise  in  our  latitudes  much  earlier  than  when  she  is  farther 
south,  though  having  the  same  right  ascension. 

Id  the  latitude  of  New  York  the  least  possible  daily  retardation 
of  moon-rise  is  23  minutes,  and  the  greatest  is  1  hour  and  17 
minutes.     In  higher  latitudes  the  variation  is  greater  yet 

237.  Earreat  and  Hnnter's  Kooni.  —  The  variationB  in  the  retarda- 
tion of  the  moon's  rising  attract  most  attention  when  they  occur  at  the  time 
of  the  full  moon.  When  the  retardation  is  at  its  minimnm,  the  moon  rises 
soon  after  snnset  at  nearly  the  same  time  for  several  successive  evenings; 
whereas,  when  the  retardation  is  greatest,  the  moon  appears  to  plunge  neatly 
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Tertically  below  the  horizon  by  her  daily  motion.  When,  the  full  moon 
occurs  at  the  time  of  the  autumnal  equinox,  the  moon  itself  will  be  near 
the  first  of  Aries. 

Now,  as  will  be  seen  by  referaoce  to  Fig.  73,  the  portion  of  the  ecliptic 
near  the  first  of  Aries  makes  a  much  smaller  angle  with  the  eastern  horixon 
than  the  equator. 

[The  tine  HN  ia  the  horizon,  E  being  the  east  point  —  the  figure  being 
drawn  to  represent  a  celestial  globe,  as  if  the  observer  were  looking  at  the 
eastern  side  of  the  celestial  sphere /ram  the  outside.'] 

EQ  ia  the  equator.  Now,  when  the  autumnal  equinoctial  point  or  first  of 
Libra  is  on  the  horizon  at  E,  the  positiou  of  the  ecliptic  will  be  that  repre- 
sented by  EDi  more  steeply  inclined  to  the  horizon  than  EQ  ia,  by  the 
angle  QED,  23  J".  But  yrheu  the  first  of  Aries  is  at  E,  the  ecliptic  will  be  in 


—  EiplanatloDoIthi 


the  position  JJ'.    And  if  the  ascending  node  of  the  moon's  orbit  happens 
then  to  be  near  the  first  of  Aries,  the  moon's  path  will  be  MM'. 

Accordingly,  when  the  moon  is  in  Aries,  it,  so  to  speak,  coasts  along  the 
eastern  horizon  from  night  to  night,  ita  time  of  rising  not  varying  very 
much ;  and  this,  when  it  occurs  neiir  the  full  of  the  moon,  gives  rise  to  the 
phenomenon  known  as  the  harvest  moon,  the  hareeat  moon  being  the  fall  moon 
nearest  to  the  aulumnai  eijuinnx.     The  full  moon  next  following  is  called  the 

Injforwaj  and  Sweden,  under  tliese  circumstances,  the  moon's  orbit  may 
actually  coincide  with  the  horizon,  so  that  she  will  rise  at  absolutely  the  same 
time  for  a  coostderable  number  of  successive  evenings. 

838.  The  Hooh'b  Orbit.  —  As  in  the  ease  of  the  sun,  the  observa- 
tion of  the  moon's  path  in  the  sky  gives  no  information  as  to  the  real 
size  of  its  orbit ;  but  its  form,  may  be  found  by  measuring  the  appar- 
ent diameter  of  the  moon,  which  ranges  from  33'  30"  to  29'  21"  at 
different  points.  The  orbit  turns  out  to  be  an  ellipse  like  the  orbit 
of  the  earth,  but  with  an  eccentricity  more  than  three  times  as  great 
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—  about  ^  on  the  aven^,  but  varying  from  ^  to  ^  on  account 
of  perturbations. 

The  extremities  of  the  major  axis  of  the  moon's  orbit  are  called 
the  perigee  and  apogee  (from  irtpl  yij  and  ino  y$). 

The  line  of  apsides,  which  passes  through  these  two  points,  mores 
around  towards  the  east  once  in  about  nine  years,  also  on  account  of 
perturbations. 

239.  Distance  and  Parallax  of  the  Hoon.  —  These  can  be  found  in 
several  ways,  of  which  the  simplest  is  the  following :  At  two  ob- 
servatories S  and  C  (Fig.  74) 
OD,  or  very  nearly  on,  the  same 
meridian  and  very  far  apart  (in 
the  northern  and  southern  hemi- 
spheres if  possible ;  Greenwich 
and  the  Cape  of  Good  Hope,  for 
instance)  let  the  moon's  zenith 
distance  ZBM  and  Z'CM  be  ob- 
served simultaneously  with  the 
meridian  circle.  This  gives'  in 
m,Ti.-D«t«mtoMtonofihoMoo>i'BDi.un<».  *^«  quadrilateral  BOCAf  the 
two  angles  at  B  and  C,  each  of 
which  is  the  supplement  of  the  geocentric  zenith  distance.  The 
angle  at  the  centre  of  the  earth,  BOC,  is  the  difference  of  the  geo- 
centric latitudes  and  is  known  from  the  geographical  positions  of 
the  two  observatories.  Knowing  the  three  angles  in  the  quadrilat- 
eral, the  fourth  at  Jf  is  of  course  known.  The  sides  BO  and  CO 
are  known,  being  radii  of  the  earth  ;  so  that  we  can  solve  the  whole 
quadrilateral  by  a  simple  trigonometrical  process. 

First  find  from  the  triangle  BOC  the  partial  angles  OCB  and  OBC,  and 
the  side  BC.  Then  in  the  triangle  BCM  we  have  BC  and  the  two  angles 
CBM  and  MCB,  from  which  we  can  find  the  two  sides  BM  aod  CM- 
Finally,  in  the  triangle  OBM,  we  now  know  the  sides  OB  and  BM  and  the 
included  angle  OBM,  to  that  the  side  OM  can  be  computed,  which  is  the 
distance  of  the  moon  from  the  earth's  centre.  Knowing  this,  the  horizontal 
parallax  KMO,  or  the  semi-diameter  of  the  earth  as  seen  from  the  moon, 
folloWB  at  once  from  the  right-anlged  triangle  OKM. 

The  moon's  parallax  can  also  be  deduced  from  observations  at  a  single 
station  on  the  earth,  but  not  bo  simply.  If  she  did  not  move  among  the 
stars,  it  would  be  very  essy,  as  all  we  should  have  to  do  would  be  to  compare 
ber  apparent  right  ascension  and  declination  at  different  points  in  her  diur- 

'  By  correcting  the  observed  zenith  J  islance  for  the  angle  of  the  vertical 
(Art.  166). 
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Dftl  circle.  Nemr  the  eMtem  horizon  the  parallax  (alirayi  depreeaing  to  ob- 
ject) increases  her  right  ascension ;  at  setting,  vice  ver$a.  On  the  meridian 
the  declination  only  is  affected.  But  the  motion  of  the  moon  must  be  al- 
lowed for,  as  the  observations  to  be  compared  are  necessarily  Beparated  by 
coosiderabla  inteirals  oi  time,  and  this  complicates  the  calculation. 

A  third,  and  a  very  accurate,  method  is  by  means  of  occultations  of 
stars,  observed  at  widely  separated  points  on  the  earth.  These  occultations 
furnish  the  moon's  place  with  great  accuracy,  and  so  determine  the  paxal> 
lax  very  precisely;  but  the  calculation  is  not  very  simple,  as  the  moon's 
iiiotioQ  in  this  case  also  enters  into  it,  since  the  observations  cannot  be 
simnltaneons. 


240.  Ths  Siitauoe  of  the  Koon  ii  oontiniially  oliaiigmg  on  accoant 
of  the  eccentricity  of  ita  orbit,  varying  all  the  way,  according  to  Nm- 
Bon,  between  252,972  and  221,614  miles;  the  mean  distance  being 
238,840  miles,  or  60.27  times  the  equatorial  radius  of  the  earth. 
The  mean  parallax  of  tiie  moon  is  S7'  2",  subject  to  a  similar  per- 
centage of  change.  This  value  of  the  parallax,  it  will  be  noted, 
intUcates  that  the  eartii,  as  seen  from  the  moon,  has  a  diameter  of 
nearly  2°. 

Knowing  the  size  of  the  moon's  orbit  and  the  length  of  the  month, 
the  velocity  of  her  motion  around  the  earth  is  easily  calculated.  It 
comes  out  2288  miles  per  hour,  or  about  3350  feet  a  second. 


Ml.  Tornt  of  tha  Koon's  OrUt  with  Beferenoa  to  the  Sno.— 
While  the  moon  moves  in  a  small  elliptical  orbit  around  the  earth,  it 
also  moves  oroond  the  sun  Id  compaoy  with  the  earth.    This  common 
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motion  of  the  moon  and  earth,  of  coarse,  does  not  affect  their  rdative 
motion ;  but  to  an  observer  outaide  the  eystem  the  moon's  motion 
aronnd  the  earth  would  only  be  a  very  email  component  of  t^e  moon's 
movement  as  seen  by  him. 

The  distance  of  the  moon  from  the  earth,  239,000  miles,  is  very 
small  compared  with  that  of  the  earth  from  the  son,  93,000,000  miles 
—  being  only  about  ^-^  part.  The  speed  of  the  earth  in  its  orbit 
around  the  eun  is  also  more  than  thirty  times  faster  than  that  of  the 
moon  in  its  orbit  around  the  earth,  so  that  for  the  moou  the  results 
ing  path  in  space  is  one  which  is  always  coitcave  towardg  the  aun, 
as  shown  in  Fig.  76.  It  is  not  like  Figs.  76  aud  77,  as  often  rep- 
resented. If  we  represent  the  orbit  of  the  earth  by  a  circle  with  a 
radine  of  100  inches  (8  feet  4  inches),  tlie  moon  would  only  move 
out  and  in  aqnarter  of  an  inch,  crossing  the  circmnfeience  twen^- 
five  times  in  going  once  around  it. 

24S.  Siametsr  of  the  Xoon.  —  The  mean  apparent  diameter  of  tlie 
moon  is  31'  7".  This  gives  it  a  real  diameter  of  2163  miles  (plus  or 
minus  one  mile),  which  equals  0.273  of  the  earth's  diameter.  Since 
the  surfaces  of  globes  are  as  the  squares  of  their  diameters,  and  tlieir 
volumes  as  their  cubes,  this  makes  the  surface  of  the  moon  0.0747  of 
the  earth's  (between  -jlj  and  -^f)  ;  and  the  volume  0.0204  of  the  earth's 
volume  (almost  exactly  ^)  ;  that  ie,  it  would  take  49  balls  each  as 
large  aa  the  moon  in  bulk  to  make  a  ball  of  the  size  of  the  earth. 

243.  Han  of  the  Hoon.  — This  is  about  -^  of  the  earth's  mssa, 
different  authorities  giving  the  value  from  ^  to  ■^.  It  is  not  easy 
to  determine  it  with  accuracy.  In  fact,  though  the  moon  ie  the 
nearest  of  all  the  heavenly  bodies,  it  is  more  difiicult  to  "  weigh  "  her 
than  to  weigh  Neptune,  although  he  is  the  most  remote  of  Uie  planets. 

There  are  four  ways  of  approaching  the  problem;  (1)  (perhi^ 
easiest  to  understand)  by  finding  the  position  of  the  common  centre  of 
gravity  of  the  earth  and  moon  with  reference  to  the  centre  of  the  eartA. 
Since  it  is  this  common  centre  of  gravity  of  the  two  bodies  which 
describes  around  the  sun  the  ellipse  which  we  have  called  the 
earth's  orbit,  and  since  the  earth  and  moon  revolve  around  this 
common  centre  of  gravity  once  a  month,  it  follows  that  this  monthly 
motion  of  the  earth  causes  an  alternate  eastward  and  westward 
displacement  of  the  sun  in  the  sky,  which  can  be  measured.  At 
the  time  of  the  new  and  full  moon  this  displacement  is  zero,  the 
centre  of  gravity  being  on  the  line  which  joins  the  earth  and  sun ; 
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(B) 


but  when  the  moon  is  at  quadrature  (that  iB,  90°  from  the  sun,  as  at 

the  time  of  half-moon),  the  sun 

is   apparently  displaced  in  the  ^ 

sky  towards  tlie  moon,  as  is  evi-  j^    \-^  '  . 

dent  from  Fig.  78.     It  will  be  • ' 

about  6".4  east  of  its  mean  place 

at  the  first  quarter  of  the  moon, 

Fig.  78  {B),  and  as  much  west 

at  the  time  of  the  last  quarter. 

Fig.  78  (A) ;  {i.e.,  when  the  angle 

MGS  is  90%  the  angle  MCS  is 

always    less   than    90°   by   6".4, 

which  is  therefore  the  value  of 

the  angle  CSG).     Now  since  the 

parallax  of  the  sun  (which  is  the 

earth's  semi-diameter  seen  from 

the   sun  —  the   angle    CSK)   is 

about  8".8,  it  follows  that  the 

distance  of  the  centre  of  gravity 

of  the  earth  and  moon  from  the 

centre  of  the  earth  is  the  fraction 

f  I  of  the  earth  radius,  or  about 

2880  miles.     This  is  just  about 

j^  of  the  distance  from  the  earth  to  the  moon ;  whence  we  conclude 

that  the  mass  of  the  earth  is  81.5  times  that  of  the  moon. 


Apparent  DlapUoement  of  SuD  M  Flnt  nnd 
Third  Quarten  of  tlia  Montb. 


244.  (2)  A  second  method  is  by  comparing  the  moon's  actual  period 
with  the  computed  period  mhich  a  single  particle  at  the  moon'i  distance  from  the 
earth  ought  to  have,  according  to  the  kiiowu  force  of  gravity  of  the  earth,  as 
determined  b;  pendulum  experiments.  The  explanation  of  thia  method 
cannot  be  given  until  we  have  further  studied  the  motion  of  bodies  under 
the  law  of  gravitation.     It  is  not  susceptible  of  great  accuracy. 

(3)  Still  another  method  is  by  comparing  the  tides  produced  by  the  moon 
tcilh  those  produced  65  the  sun.  This  gives  ua  the  maas  of  the  moon  aa  com- 
pared with  that  of  the  sun ;  and  the  mass  of  the  sun  compared  with  that  of 
the  earth  beiog  known,  it  gives  ub  nltimately  the  mass  of  the  moon  compared 
with  that  of  the  earth. 

(4)  The  ratio  of  the  moon's  mass  to  the  sun's  can  also  be  computed  from 
n  of  the  earth's  axis.     (See  Chap.  XIII.) 


245.     No  other  satellite  ia  nearly  as  large  as  the  n 
with  its  primary  planet     The  earth  and  moou  tt^ther 
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tant  star,  are  really  in  many  reepecte  more  like  a  double  planet  than  like  a 
planet  and  satellite,  as  ordinarily  proportioned  to  each  other.  At  a  time, 
for  i[istance,  when  Venug  happens  to  be  near  the  earth,  at  a  distance  of 
abont  twenty-five  niilliona  of  miles,  the  earth  to  her  would  appear  about 
twice  as  bright  as  Yenus  at  her  best  dctes  to  uB  ;  and  the  moon  would  )>e 
about  as  bright  as  Sinus,  at  a  distance  of  abont  half  a  degree  from  the  earth. 

246.  Density  and  Snperfloial  (huTity  of  the  Koon,  —  Since  the 

density  of  a  body  is  equal  to  — j ,  the  density  of  the  moon  as 

compared  with  that  of  the  earth  is  foiud  from  the  fraction 

A        9-0124 
^'  '"  0.0204" 

This  makes  the  moon's  density  0.61  of  the  earth's  density,  or  about 
3^  the  density  of  water  —  somewhat  above  the  average  density  of 
the  rocks  wliich  compose  the  crust  of  the  earth. 

This  small  density  of  the  moon  is  not  surprising,  nor  at  all  inconsistent 

with  the  belief  that  it  once  formed  part  of  the  same  mass  with  the  earth, 
since  if  such  were  the  case,  the  moon  was  probably  formed  by  the  separation 
of  the  outer  portiom  of  that  mass,  which  would  be  likely  to  have  a  smaller 
specific  gravity  than  the  rest. 

247.  The  Buperficial  gravity,  or  the  attraction  of  the  moon  for 
bodies  at  its  own  surface,  may  be  found  by  the  equation 


in  which  g'  sig:nifies  the  superficial  gravity  of  the  moon,  g  is  the 
force  of  gravity  of  the  earth,  while  m  and  r  are  the  mass  and  ra4}ins 
of  the  moon  as  compared  with  those  of  the  earth.    This  gives  us 


»'  =  gX 


0.0747' 


or  (very  approximately)  g'  equals  one-sixth  of  g ;  that  is,  a  body  which 
weighs  six  pounds  on  the  earth's  surface  would  at  the  surface  of  the 
moon  weigh  only  one  (in  a  spring  balance).  A  man  on  the  moon 
could  jump  six  times  as  high  as  he  could  on  the  earth  and  could  throw 
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a  stone  six  times  as  far.  This  is  a  fact  to  be  remembered  in  connec- 
tion with  the  enormous  scale  of  the  surface-structure  of  the  moon. 
Volcanic  forces,  for  instance,  upon  the  moon  would  throw  the  ejected 
materials  to  a  vastly  greater  distance  there  than  on  the  earth. 

848.  Botatioa  of  the  Koon.  — The  moon  rotates  on  its  axis  onoe  a 
month,  in  precisely  the  same  time  as  that  occu- 
pied by  its  revolution  around  the  earth.  In  the 
1  long  run  it  therefore  keeps  the  same  side  always 
^  towards  the  earth :  we  see  to-day  precisely  the 
same  face  and  aspect  of  the  moon  as  Galileo  did 
when  he  first  looked  at  it  with  his  telescope,  and 
the  same  will  continue  to  be  the  case  for  thousands 
of  years  more,  if  not  forever. 

U  It  is  difficult  for  some  to  see  why  &  motion  of  this 

Pia.  re.  Bort  should  be  considered  a  rotation  of  the  moon,  since 

it  is  essentially  like  the  motion  of  a  ball  carried  on  a 
revolving  crank.  See  Fig.  79.  Such  a  ball,  they  say,  "refolff  around  the 
■haft,  but  does  not  rolale  on  its  own  axiB."  It  does  rotate,  however.  The 
shaft  being  vertical  and  the  crank  horizontal,  suppose  that  a  compass 
needle  be  substituted  for  the  ball,  as  in  Fig.  60.  The  pivot  turns  under- 
neath it  as  the  crank  whirls,  but  the  compass 
needle  does  not  rotate,  maintaining  always 
its  own  direction  with  the  marked  end  north.  I 
On  the  other  hand,  if  we  mark  one  side  of  f 
the  ball  (in  the  preceding  figure),  we  shall 
find  the  marked  side  presented  successively  to 
every  point  of  the  compass  as  the  crank  re- 
volves, so  that  the  ball  as  really  turns  o 
own  aiis  as  if  it  were  whirling  upon  a  pin 
fastened  to  a  table.  The  ball  has  tvm  dis- 
tinct motions  by  virtue  of  its  connection  with  the  crank  ;  _finl,  the  motion 
of  translation,  which  carries  its  centre  of  gravity,  like  that  of  the  compass 
needle,  in  a  circle  around  the  axis  of  the  shaft ;  tecondly,  an  additional 
motion  of  rotation  around  a  line  drawn  through  its  centre  of  gravity  parallel 
to  the  shaft. 

»M".  Deflnition  of  Eotation.  —  A  body  "rotale>"  whenever  a  line 
iSrawn /mm  Us  centre  of  gravitg  oufwaril,  through  any  point  selected  at  randiim 
in  ilt  mnsji,  describe!  a  circle  in  the  heaeens.  In  every  rotating  body,  one  such 
line  can  be  so  drawn  that  the  circle  described  by  it  in  the  sky  becomes  in- 
finitely small.  This  is  the  ara  of  the  body.  Another  set  of  points  can  be 
found  such  that  lines  drawn  from  the  centre  of  gravity  outward  through 
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them  describe  a  great  circle  in  the  sky  (Kl°  dUtant  from  the  point  pierced  by 
the  axia,  and  these  points  constitute  the  equator  of  the  body. 

S49.  Librationt  of  the  Hoon.  —  1.  Lihration  in  Latitude.  The 
axis  of  revolution  of  the  moon  is  not  perpendicular  to  its  orbit.  It 
makes  a  constant  angle  of  about  SSi"  with  the  ecliptic,  and  the 
moon's  equator  is  so  placed  that  it  is  always  edge-wise  to  the  earth 
when  the  moon  is  at  her  node,  being  maintained  in  that  position  by 
an  action  of  the  earth,  which  produces  a  precessional  motion  of  the 
moon's  axis.  The  angle  between  the  moon's  equator  and  the  plane 
of  her  orbit,  therefore,  is  1^°  -|-  the  inclination  of  the  moon's  orbit, 
which  together  make  up  an  angle  of  a  little  more  than  6^° ;  but,  as 
the  inclination  of  the  moon's  orbit  to  the  ecliptic  is  constantly  vary- 
ing slightly,  this  inclination  of  the  moon's  axis  to  her  orbit  also 
changes  correspondingly.  This  inclination  of  the  moon's  axis  pro- 
duces changes  in  the  aspect  of  the  moon  towards  the  earth  similar 
to  those  produced  by  the  inclination  of  the  earth's  axis  towards  the 
ecliptic.  At  one  time,  jnst  as  the  north  pole  of  the  earth  is  turned 
towards  the  sun,  so  also  the  north  pole  of  the  moon  is  tipped  towards 
the  earth  at  an  angle  of  6^°,  and  in  the  opposite  half  of  the  moon's 
orbit  the  south  pole  is  similarly  presented  to  ii3. 

The  period  of  this  libration  is  the  time  of  the  moon's  revolution  from 
node  to  node,  called  a  nodical 
revolution.  This  is  27.31  days 
—  about  2  hours  and  38  min- 
utes shorter  than  the  sidereal 
revolution  of  the  moon,  since 
the  nodes  always  move  west- 
ward, completing  the  circuit  in 
about  19  years. 

%60,  2.  Libration  in  Lon- 
gitude. The  moon's  orbit 
being  eccentric,  she  moves 
faster  when  near  perigee, 
and  slower  when  near  apo- 
gee ;  half-way  between  peri- 
gee and  apogee  she  is  more 
than  6°  ahead  of  the  position 

she  would  have  if  she  had  moved  with  the  mean  angular  velocity. 

Now  the  rotation  is  uniform.'^    A  point,  therefore,  on  the  moon's 
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"  physical  libration  "  of  about  3^'  a&ects  it  sU^tlj. 
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mrface  which  is  directed  toward  the  eiirth  at  perigee  will  Dot 
have  revolved  far  euough  to  keep  it  directed  toward  the  earth  wbeD 
she  IB  half-way  {in  lime)  between  perigee  and  apogee,  aa  is  evident 
from  Fig.  81.  For  in  the  quarter* month  next  following  the  perigee, 
the  moon  will  travel  to  a  point  M,  considerably  more  than  half-way  to 
apc^ee.  But  the  point  a  will  have  made  only  one  quarter-turn,  which 
is  not  enough  to  bring  it  to  the  line  ME.  W&  shall  therefore  see  a  little 
around  the  western  edge.  Similarly  on  the  other  side  of  the  orbit, 
half-way  between  apogee  and  perigee,  we  shall  look  around  the  eastern 
edge  to  the  same  extent.  At  perigee  and  ^>ogee  both,  the  libration 
is,  of  course,  zero.  The  amount  of  this  libration  is  evidently  at  any 
moment  just  the  same  as  that  of  the  so-called  "  equation  of  the  centre," 
which,  it  will  be  remembered,  is  the  difference  between  the  mean  and 
trve  anomalies  of  the  moon  at  any  moment.  Its  maximum  possible 
value  is  7°45'. 

The  period  of  this  libration  is  the  time  it  takes  the  moon  to  go  sronnd 
from  perigee  to  perigee  —  the  so-called  anomalUtic  revolulion,  which  is  37.556 
days,  about  5  hours  and  36  minutes  longer  than  the  sidereal  month,  and  8 
hours  14  minutes  longer  than  the  moon's  nodical  revolution,  which  deter- 
mines the  libration  in  latitude. 

The  cause  of  the  increased  length  of  the  anomalistic  revolution  is  of 
course  the  fact  that  the  line  of  apsides  continually  advances  ea$lteard,  mak- 
ing one  revolution  every  nine  years.     (Art.  238.) 

251.  3.  Diurnal  Libration.  This  is  strictly  a  libration  not  of  the 
moon,  but  of  the  observer ;  still,  as  far  as  the  aspect  of  the  moon 
goes,  the  effect  is  precisely  the  same  as  if  it  were  a  true  lunar  libra- 
tion. The  moon's  motions  have  reference  to  the  earth's  centre.  We, 
on  the  surface  of  the  earth,  look  down  over  the  western  edge  of  the 
moon  when  it  is  rising,  and  over  the  eastern  when  it  is  setting,  by 
an  amount  which  is  equal  to  the  semi-diameter  of  the  earth  as  seen 
from  the  moon  ;  that  is,  about  one  degree  (the  moon's  parallax) . 

On  the  whole,  taking  all  three  librations  into  account,  we  see  con- 
siderably more  than  half  the  moon,  the  portion  which  never  disappears 
being  about  forty-one  per  cent  of  the  moon's  surface,  that  never  visi- 
ble also  forty-one  per  cent,  while  that  which  is  alternately  visible  and 
invisible  is  eighteen  per  cent. 

252.  The  agreement  between  the  moon's  time  of  rotation  and  of 
her  orbital  revolution  cannot  be  accidental.  It  is  probably  due  to  the 
action  of  the  earth  on  some  slight  protuberance  on  the  moon's  surface, 
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analogoiis  to  a  tidal  wave.  If  the  moon  were  ever  plastic  the  earth's 
attraction  must  necessarily  have  produced  a  tidal  "bulge"  upon  her 
surface,  and  the  effect  would  ultimately  be  to  force  an  i^reement 
between  the  lunar  day  and  the  sidereal  month.  The  subject  will  be 
resumed  later.     (See  Arts.  483-484.) 

293.  ^le  FbasH  of  the  Koon.  —  Since  the  moon  is  an  opaque 
globe,  shining  entirely  by  reflected  light,  we  can  ace  only  that  hemi- 
sphere of  her  surface  which  happens  to  be  illuminated,  and  of  course 


Fia.  Sa.  —  EipluuUoiiof  thaPhuuol  Uie  Uoon. 

only  that  part  of  the  illuminated  hemisphere  which  is  at  the  tia>e  turned 
towards  the  earth.  At  new  moon,  when  the  moon  is  between  the 
earth  and  the  sun,  the  dark  side  is  towards  us.  A  week  later,  at  the 
end  of  the  first  quarter,  half  of  the  illuminated  hemisphere  is  seen, 
and  we  have  tlie  half  moon,  just  as  we  do  a  week  aft«r  the  full.  Be- 
tween the  new  moon  aiiii  the  half  moon,  during  the  first  and  last 
quarters  of  the  lunation,  we  see  less  than  lialf  of  the  iUumlDated  por- 
tion,and  then  have  the  "crescent "phase.    See  Fig.  82  (in  which  the 
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light  is  supposed  to  come  from  a  point  far  above  the  moon's  orbit). 
Between  the  half  mooo  and  the  full,  during  the  second  and  third 
quarters  of  the  lunation,  we  see  more  than  half  of  the  moon's  illumi- 
nated side,  and  have  what  is  called  the  "  gibbous  "  phase. 

Since  the  terminator  or  line  which  separates  the  dark  portion  of  the 
disc  from  the  bright  is  always  a  semt-ellipte  (being  a  sem  1-circle  viewed 
obliquely),  the  illuminated  surface  is  always  a  figure  made  up  of  a 
lemi-eirele  plus  or  minus  a  aemi-«ltipge,  as  shown  in  Fig.  83,  .1. 

It  is  sometimea  incorrectly  attempted  to  represent  the  creaoent  form 
by  a  construction  like  Pig.  83,  B  (where  a 
Bmaller  circle  b  cut  by  n  lai^r  one).  It  is 
I  to  be  noticed  that  ab,  the  line  which  joints 
the  ciispe,  in  always  perpendicular  to  the  line 
directed  to  the  sun,  and  Ike  horn$  are  alicaya 
turned  away  from  the  tun ;  bo  that  the  precise 
FIO.B3.  position  in  which  they  will  stand  at  any  time  is 

always  predictable,  and  has  nothing  whatsoever 
to  do  with  the  weather.  Artists  are  aometimes  careless  in  the  manner  in 
which  they  introduce  the  moon  into  landacapea.  One  occasionally  seea  the 
moon  near  the  horizon  with  the  horns  turned  doicnicardi,  a  piece  of  drawing 
fit  to  go  with  Hogarth's  barrel  which  shows  both  its  heads  at  once. 

S04.  Sarth-Shine  on  the  H oon. — Near  the  time  of  new  moon  the  whole 
disc  of  the  satellite  is  easily  visible,  the  portion  on  which  sunlight  does  not 
fall  being  illuminated  by  a  pale  ruddy  light.  This  light  is  eartkshine,  the 
earth  as  seen  from  the  moon  being  then  nearly  full ;  for  seen  from  the  moon 
the  earth  shows  all  the  phases  that  the  moon  doea,  the  earth's  phase  in  every 
case  being  exactly  supplementary  to  that  of  the  moon  aa  Been  by  us. 

As  the  earth  has  a  diameter  nearly  four  timea  that  of  the  moon,  the  earth- 
ahine  at  any  phase  would  be  about  tbirteen  times  aa  atrong  as  moonlight,  if 
the  reflective  power  of  the  earth's  surface  were  the  same.  Probably,  taking 
the  clouds  and  snow  into  accoant,  the  earth's  surface  on  the  whole  is  rather 
more  brilliant  than  the  moon's,  so  that  near  new  moon  the  earth-ahine,  by 
which  the  dark  aide  of  the  moon  is  then  illuminated,  is  from  fifteen  to 
twenty  times  as  strong  aa  full  moonlight.  The  ruddy  color  is  due  to  the 
fact  that  light  sent  to  the  moon  from  the  earth  has  twice  penetrated  our 
atmosphere  and  ao  haa  acquired  the  aunaet  tinge. 

8M.  Physical  Chanotaristioi  of  the  Hoon.  —  1.  Its  Atmosphere. 
The  moon'a  atmosphere,  if  it  has  any  at  all,  is  extremely  rare,  prob- 
ably not  producing  a  barometric  pressure  to  exceed  ^  of  an  inch 
of  mercury,  or  y)„  of  the  pressure  at  the  earth's  surface.  The 
evidence  on  this  point  is  twofold. 
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(a)  The  teleacopic  appearance.  The  parts  of  the  moon  near  tlie 
edge  of  the  disci  which,  if  there  were  any  atmosphere,  would  be 
Been  through  its  greatest  posaible  depth,  are  seeo  without  tlie  least 
distortion:  there  is  do  haze,  aud  all  ehadows  are  perfectly  black. 
There  is  no  sensible  twilight  at  the  cusps  of  the  moon ;  no  evidences 
of  clouds  or  storms,  or  anything  like  atmospheric  phenomeoa. 

(&)  Tfie  absence  of  refraction  when  the  moon  intervenes  between 
UB  and  any  more  distant  object.  For  instance,  at  an  eclipse  of  the 
Bun  thei-e  is  ao  distortion  of  the  sun's  limb  where  the  moon  cuts  it, 
nor  any  ring  of  light  running  out  on  tbe  edge  of  the  moon  like  that 
which  encircles  the  disc  of  Venns  at  the  time  of  a  transit.  The  most 
striking  evidence  of  this  sort  comes,  however,  from  occultations  of 
the  stars.  When  the  moon  hides  a  star  fi-om  sight)  the  phenome- 
non, if  it  occurs  at  the  moon's  dark  edge,  is  an  exceedingly  striking 
one.  The  star  retains  its  full  bright"fHfl  in  thft  fi^M  of  tlie  tele- 
Bcope  until  all  at  once,  without  the  least  warning,  it  simply  is  not  there, 
the  digaiipearance  generally  being  nhsnlntf  ly  iimfantana/^im  its  reap- 
pearance is  of  the  same  sort,  and  still  more  startling.  Now  if  tbe 
moon  had  any  perceptible  atmosphere  (or  tbe  star  any  sensible  diam- 
eter) the  disappearance  would  be  gradual.  The  star  would  change 
color,  become  distoi'ted,  and  fade  awaj'  more  or  less  gradually. 

The  spectroscope  adds  its  evidence  in  the  same  direction.  There  Is 
no  modification  of  the  spectrum  of  the  star  in  any  respect  at  the  tjme 
of  its  disappearance  ;  and  we  may  add  that  the  spectrum  of  moonlight 
is  identical  with  that  of  sunlight  pure  and  simple,  there  being  no 
traces  of  any  effect  whatever  produced  upon  the  sunlight  by  its  re- 
fiection  from  the  moon,  nor  any  signs  of  Its  having  passed  through 
an  atmosphere. 

2S6.  The  time  durlog  which  a  star  would  be  hidden  behind  the 
moon  would  also  be  decreased  by  the  refraction  of  any  sensible 
atmosphere,  making  the  observed  duration  of  an  occultation  less 
than  that  computed  from  tbe  known  diameter  of  tbe  moon  and  its  rate 
of  motion.  Certain  Greenwich  observations  apparently  show  a  differ- 
ence, amounting  to  about  two  seconds  of  time.  This  may  possibly  be 
due  in  some  part  to  the  action  of  a  real,  but  exceedingly  rare,  lunar 
atmosphere ;  for  if  the  whole  phenomenon  were  due  simply  to  atmos- 
pheric action,  it  would  indicate  an  atmosphere  having  a  density  about 
YT^  part  of  our  own ,  —  far  within  the  limits  which  were  stated  above. 
But  the  difference  may  be,  and  very  probably  is,  attributable.  In  part 
at  least,  to  a  slight  error  in  tbe  measured  diameter  of  the  moon^  due  to 
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trradiation:  the  diameter  of  a  bright  object  always  appears  a  little 
lai^r  than  it  really  is.  Aa  error  of  about  2"  of  this  sort  would 
explain  the  whole  discrepancy,  without  any  oeed  of  help  from  an 
atmosphere. 

857.  What  hu  hecome  of  the  Moon'*  Atmosphere.  —  If  the  moon 
ever  formed  a  part  of  the  same  mass  as  the  earth,  she  must  ontse  have  had 
on  atmosphere.  There  are  a  number  of  possible  and  more  or  less  probable 
hypotheses  to  account  for  its  disappearance.  It  hafi  been  surmised  (1)  that 
there  may  be  great  cavities  left  within  the  moon's  mass  by  volcanic  eruptions, 
and  that  the  rocks  themselTes  have  been  transformed  into  a  sort  of  pumice- 
stone  structure,  and  that  the  emt  has  retired  into  these  internal  cavities. 

(2)  That  the  air  has  been  absorbed  by  the  inner  lunar  rocks  in  cooling. 
A  heated  rock  expels  any  gases  that  it  may  have  absorbed;  but  if  it  after- 
wards cools  slowly,  it  reabsorbs  them,  and  can  take  np  a  very  great  quantity. 
The  earth's  core  is  supposed  to  be  now  too  intensely  heated  to  absorb  much 
gM  i  but  if  it  goes  on  cooling,  it  will  absorb  more  and  more,  and  in  time  it 
may  rob  the  surface  of  the  earth  of  all  its  air.  There  are  still  other  hypoth- 
eses,' which  we  can  not  take  space  even  to  mention. 

858.  Water  oa  the  Koon'i  Snrfaee.  —  Of  course  without  an  atmos- 
phere there  can  be  no  water,  since  the  water  would  immediately 
evaporate  and  form  an  atmosphere  of  water  vapor  if  there  were  do 
air  present.  It  is  not  impossible,  however,  or  even  improbable,  that 
aolid  water,  that  is,  ice  and  snow,  may  exist  on  the  moon's  surface 
at  a  temperature  too  low  for  any  sensible  evaporation.  There  are 
many  things  in  the  moon's  appearance  that  seem  to  indicate  the 
former  existeDce  of  seas  and  oceans  on  her  surface,  and  the  same 
hypotheses  have  been  si^gested  to  account  for  their  disappearance 
that  were  suf^sted  in  the  case  of  the  moon's  atmosphere.  It  may 
be  added  also  that  many  kinds  of  molten  rock  in  crystallizing  would 
take  up  large  quantities  of  water  of  crystallization,  not  merely  ab- 
sorbed ae  a  sponge  absorbs  water,  but  chemically  united  with  the 
other  constituents  of  the  rock.  In  whatever  way,  however,  it  may 
have  come  about,  it  is  certain  that  now  no  substances  that  are  gaseous, 
or  that  can  be  evaporated  at  low  temperatures,  exist  in  any  quantity 
on  the  moon's  surface  —  at  least,  not  on  our  side  of  the  moon. 

There  have  been  specolations  that  on  the  other  side  — that  celestial  coun- 

tiy  so  near  as  and  so  absolutely  concealed  from  ns~  there  may  be  air  and 

^  water  and  abundant  life ;  the  idea  being  that  our  side  of  the  moon  is  a  great 

table-land  many  miles  in  elevation,  while  the  other  side  is  a  corresponding 

1  See  also  note  on  page  161. 
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depreuion,  like  the  valley  of  the  Caspian  Sea,  only  raatly  deeper.  Ad  In- 
BuRiciently  grounded  concluaioa  of  Hansen's,  that  the  centra  of  gravity  <rf 
the  moon  i«  some  thirty  miles  farther  from  us  than  its  centre  of  figure,  fof  a 
time  gave  color  to  the  idea,  but  it  is  now  practically  abandoned,  Hansen's 
conclusion  having  be«n  shown  to  be  uuwarrant«d  by  the  facts. 

209.  Tlie  MooD'i  Light.  —  As  to  qualUy  it  is  siiuple  eunligbt,  show- 
ing  a  spectrum  whicli,  as  has  been  said,  is  ideatical  iu  every  detail 
with  that  of  light  coining  directly  from  the  eun.  Its  hrigbtntsa  as 
compared  vith  that  of  sunlight  is  difficult  to  measure  accurately,  and 
different  experimonterB  have  found  results  for  the  ratio  between  full 
moonlight  and  snnlight  ranging  all  the  way  from  -^^^if^  (Bouguer) 
to  ^Tu'innr  (WoUastoo).  The  value  now  usually  accepted  is  that 
determined  by  Zollner,  viz.,  jysWt-  According  to  this,  if  the  whole- 
visible  hemisphere  were  packed  with  full  moons,  we  should  receive 
from  it  about  one-eighth  part  of  the  light  of  the  sun. 

It  is  found,  also,  that  the  half  moon  does  not  give  even  nearly  half  as 
much  light  as  the  full  moon.  Tha  law  which  connects  the  phase  of  the 
moon  with  the  amount  of  light  given  at  the  time,  is  rather  complicated,  bat 
the  gist  of  the  matter  is  that  at  any  time,  except  at  the  full,  the  visible  sur- 
face is  more  or  less  darkened  by  the  shadows  cast  by  the  irregularities  of  the 
surface.  Ziilliier  has  calculated  that  an  average  angle  of  5S^  for  these  eleva- 
tions and  depressions  would  account  for  the  law  of  illumination  actually 
observed. 

The  average  "  albedo,"  or  reflecting  power  of  the  moon's  surface, 
Zollner  elates  as  0.174  ;  that  is,  the  moon's  surface  reflects  a  lUtU 
more  than  one-sixtfi  part  of  the  light  that  falls  upon  it.  This  is  about 
the  albedo  of  a  rather  light-colored  sandstone,  and  threes  well  with 
the  estimate  of  Sir  John  Herscliel,  who  found  the  moon  to  be  very 
exactly  of  the  same  brightness  as  the  rock  of  Table  Mountain  when 
it  was  setting  behind  it,  illuminated  ns  were  the  rocks  themselves  by 
the  light  of  the  rising  sun.  There  are,  however,  great  variatioDS  in 
the  brightness  of  different  portions  of  the  moon's  surface.  Some 
spots  are  nearly  as  white  as  snow  or  salt,  and  others  as  dark  as 
slate. 

260.  Heat  of  the  Moon.  —  For  a  long  time  it  was  impossible  to 
detect  tlie  moon's  heat.  It  is  too  feeble  to  be  detected  by  the  most 
delicate  mercuilal  thermometer  even  when  concentrated  by  a  large 
lena.     The  first  sensible  effect  was  obtained  by  Melloni,  in  1846, 
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with  the  then  newly  invented  thermopile,  by  a  series  of  observations 
from  the  summit  of  Vesuvius.  Since  then  several  physicists  have 
vorked  upon  the  subject  with  more  or  less  success,  especially  Lord 
Rosse  and  Boys  in  Great  Britain,  and  Langley,  Hutchins,  and  Very 
in  the  United  States.  With  modem  apparatus  there  is  no  difficulty 
in  detecting  the  lunar  heat,  but  tneasurementa  are  extremely  difficult 
and  liable  to  error.  A  considerable  percent^e  of  the  lunar  beat 
seems  to  be  heat  simply  reflected  (like  light),  while  the  rest,  pertiaps 
three-fourths  of  the  whole,  is  "  obscure  heat" ;  that  is,  heat  which 
has  been  first  absorbed  by  the  moon's  surface  and  then  radiated,  like 
the  heat  from  a  brick  surface  that  has  been  warmed  by  sunshine. 
This  is  shown  by  the  fact  that  a  comparatively  thin  plate  of  glass 
cuts  off  some  86  per  cent  of  the  beat  received  from  the  moon  in  the 
same  way  that  it  does  the  beat  of  a  stove,  while  the  heat  of  direct 
sunlight,  or  of  an  electric  arc,  would  pass  through  the  same  plate 
with  very  little  diminution.  The  same  thing  appears  also  from 
direct  measurements  upon  tbe  heat-spectruin  of  the  moon  made  by 
Langley  with  his  bolometer,  described  further  on.     (Art.  343.) 

The  amount  of  beat  sent  by  the  full  moon  to  the  earth  has  been  estimated 
by  Lord  Rosse  as  -rniuo  of  that  sent  us  by  the  sun  ;  liutciuns'  measures  in 
1888  make  it  only  n«W- 

261.  As  to  the  temperature  of  the  moon's  surface,  it  is  difficult  to 
affirm  much  with  certainty.  On  one  band,  the  lunar  rocks  are  ex- 
posed to  the  sun's  rays  in  a  cloudless  sky  for  fourteen  days  at  a 
time,  so  that  if  they  were  blanketed  by  air  like  our  own  rocks  they 
would  certainly  become  intensely  heated.  Some  years  ago,  Lord 
Bosse  inferred  from  his  observations  that  the  temperature  of  the 
lunar  sarface  rose  at  its  maximum  (about  three  days  after  full  moon) 
far  alxtve  that  of  boiling  water.*  But  his  own  later  investigations 
and  those  of  Langley  throw  great  doubt  on  this  conclusion.  There 
is  no  air^blanket  at  the  moon's  surface  to  prevent  it  from  losing 
heat;*  and  it  now  seems  rather  more  probable  that  the  temperature 
on  the  equator  at  lunar  noon  rises  very  high,  but  falls  correspond- 
ingly low  as  soon  as  sunlight  is  withdrawn.  So  far  as  we  can 
judge,  the  condition  of  things  on  the  moon's  surface  must  corre- 
spond to  an  elevation  many  times  higher  than  any  mountain  on  the 
earth;  for  no  terrestrial  mountain  is  so  high  that  the  density  of 
the  air  at  its  summit  is  even  nearly  as  low  as  that  of  tbe  densest 
Bupposable  lunar  atmosphere. 

'See  now  on  page  18S.     , 

*  See  Art.  3TT  for  Rosse's  eclipse  observations  bearing  on  tbis  point. 
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This  idea  that  the  moon  ia  very  cold  is  borne  oat,  also,  by  the 
fact  that  the  bolometer  shows  the  presence,  in  the  lunar  radiations, 
of  a  considerable  quantity  of  heat  having  a  ware-length  greater  than 
that  of  the  heat  radiated  from  a  block  of  ice. 

On  the  dark  portion,  during  the  long  fourteen-days  night  the  tem- 
perature must  probably  fall  at  least  as  far  aa  —  200°  F. 

868.  LonRr  InflneaoM  on  the  Earth.  —  The  moon's  attraction  co- 
operates with  that  of  the  sun  in  producing  tides,  of  which  we  shall 
speak  hereafter.  There  are  also  certain  distinctly  ascertained  dis- 
turbances of  terrestrial  magnetism  connected  with  the  approach  and 
recession  of  the  moon  at  perigee  and  apogee;  and  this  ends  t^ 
chapter  of  ascertained  lunar  influences. 

The  multitude  of  current  beliefs  as  to  the  controlling  influence  of  tb^ 
moon's  phases  and  changes  oyer  the  weather  and  the  various  conditioDB  of 
life  are  mostly  unfounded,  and  in  the  strict  sense  of  the  word  '■aupsrsti- 
tjons,"  —  mere  surrivalB  from  a  past  crednlity. 

It  is  quite  certain  that  if  there  is  any  influence  at  all  of  the  sort  it  is  ez- 
tremely  alight  —  so  slight  that  it  cannot  be  demonstrated  with  ceiiaint^i 
*  although  numerous  investigations  have  been  made  expressly  for  the  purpoK 
of  detecting  it.  We  have  never  been  able  to  ascertain,  for  instauce,  with 
certainty,  whether  it  is  warmer  or  not,  or  leu  cloudy  or  not,  at  the  time  of  th^ 
full  moon.     Different  investigations  have  led  to  contradictory  results. 

As  to  the  supposed  connection  between  "  change  of  the  moon  "  and  change* 
of  the  weather,  it  should  be  enough  to  note  that  even  within  the  United 
States  the  weather  changes  are  not  simultaneous  (in  Kansas  and  Maine,  for 
instance),  as  they  should  be  if  they  were  due  to  the  changing  phases  of  tbs 
moou.  Since,  however,  a  change  of  the  moon  occurs  every  week,  every 
weather  change  must  necessarily  occur  within  about  three  days  and  a  bsU 
of  a  lunar  change,  and  half  of  them  ought  to  fall  within  about  fort;-fiva 
hours,  even  if  perfectly  independent. 

Now  it  requires  only  a  very  slight  prepoMession  in  favor  of  a  belief  in  tbs 
effectiveness  of  the  moon's  cfaanges  to  make  one  forget  a  few  of  the  weathei 
changes  that  occur  too  far  from  the  proper  time.  Coincidencee  enough  cu 
easily  be  found  to  justify  a  preexisting  belief.  ^ 

THE  MOON'S  SUHFACE. 
863.  Even  to  the  naked  eye  the  moon  is  a  beautiful  ( 
diversified  with  darker  and  lighter  markings  which  have  given ll 
to  numerous  popular  superstitions.  With  a  powerful  telescope  the! 
naked-eye  markings  mostly  vanish,  and  are  replaced  by  a  countless 
multitude  of  smaller  details,  which  are  interesting  in  the  highest 
degree.     The  moon  on  the  whole,  on  aticount  of  this  diversily  of 
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detaO,  Is  the  finest  of  all  telescopic  objects ;  eepedally  to  moderate- 
sized  itiBtrumente,  say  from  six  to  ten  inchee  in  diameter,  which 
generally  give  a  more  pleasing  view  of  our  satelliLe  than  inBtrumeatfl 
either  la^er  or  smaller. 

264  How  near  the  Telesoope  bringi  the  Xoon.  — An  instrument 
of  this  size,  with  magnifying  powers  between  2aO  and  500,  brings 
up  the  mooD  virtually. to  &  distance  ranging  from  1000  miles  to  500; 
and  since  an  object  a  mile  in  diameter  on  the  moon  subtends  an 
angle  of  about  0".86,  with  the  higher  powers  of  such  an  instrument 
objects  less  than  a  mile  in  diameter  become  visible  under  favorable 
atmospheric  conditions.  A  long  line  or  strealc,  even  less  than  a 
qaarter  of  a  mile  across,  could  probably  be  seen.  With  larger  tele- 
scopes the  power  can  now  and  then  be  carried  at  least  twice  as  high, 
and  correspondingly  smaller  details  made  out.  When  everything  is 
at  its  best,  the  great  Lick  telescope  of  36  inches  aperture,  with  a 
power  of  2500  or  so,  may  possibly  reduce  the  virtual  distance  of  our 
satellite  to  about  100  mites  for  visual  purposes.  It  is  evident  that 
while  with  our  telescopes  we  should  be  able  to  see  such  objects  as 
lakes,  rivers,  forests,  and  great  cities,  if  they  exist  on  the  moon,  it 
will  be  hopeless  to  expect  to  distinguish  single  buildings,  or  any  of 
tbe  ordinary  operations  and  indications  of  life,  if  such  there  are. 

There  are  a  few  mountains  on  the  earth  from  which  a  range  of  100  miles 
Is  obtained  in  the  landscape.  Those  who  have  seen  such  a  landscape  know 
how  little  is  to  be  mode  out  with  the  naked  eye  at  that  distance.  Still,  the 
comparison  is  not  quite  fair,  because  in  looking  at  a  terrestrial  object  a  hun- 
dred miles  awaj  the  line  of  vision  passes  through  a  dense  atmosphere,  whUe 
in  looking  upward  towards  the  moou  it  penetrates  a  much  less  thickness 


365.  The  Moon's  Surfaos  Stmotnre.  —  The  moon's  surface  for  the 
most  part  is  extremely  uneven  and  broken,  far  more  so  than  that  of 
the  earth.  The  structure,  however,  ia  not  like  that  of  the  earth's 
snrface.  On  the  earth  the  mountains  are  mostly  in  long  ranges,  such 
as  the  Alps,  the  Andes,  and  Himalayas.  On  the  moon  such  moun- 
tain ranges  are  few  in  number,  though  they  exist ;  but  the  surface  is 
pitted  all  over  with  great  craters,  resembling  very  closely  the  vol- 
canio  craters  on  the  earth's  surface,  though  on  an  immensely  greater 
scale.  One  of  the  largest  craters  upon  the  earth,  if  not  the  lai^est, 
is  the  Abo  San  in  Japan,  about  seven  miles  across.  Many  of  those 
on  the  moon   are  fifty  and  sixty  miles  in  diameter,  and  some  are 
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over  100  miles  across,  while  smaller  ones  from  a  half-mile  to  eight 
or  ten  miles  in  diameter  are  counted  hy  the  thousand. 

The  normal  lunar  crater  is  nearly  circular,  surrounded  b;  an  ele- 
vated rii^  of  mountains  which  rise  anywhere  from  1000  to  20000 
feet  abore  the  surround- 
ing country.  Within  the 
floor  of  the  crater  the 
surface  may  be  either 
above  or  below  the  out- 
side level.  Some  craters 
are  deep,  some  filled 
nearly  to  the  brim.  In 
some  oases  the  surround- 
ing mountain  ring  is  en- 

Fio.M.-ANo™.lL«oarCr«t«(N«mrth,.  *!«*?     ^^1*,    and     the 

crater  is  a  mere  hole  in 
the  plain.  In  the  centre  of  the  crater  there  usually  rises  a  group 
of  peaks,  of  about  the  same  elevation  as  the  enoircUng  ring,  and 
these  peaks  often  show  holes  or  craterlets  in  their  summite. 

In  most  cases  the  resemblance  of  these  formations  to  terrestrial  volcanic 
atnictures,  like  those  eiemplified  by  Vesuvius  and  others  in  the  Burround- 
ing  region,  makes  it  natural  to  assume  that  they  had  a  similar  origin. 
This,  however,  is  not  absolutely  certain,  for  there  are  considerable  difficul- 
ties in  the  way,  especially  in  the  case  of  the  great  "Bulwark  Plains,"  so- 
called,  which  are  bo  extensive  that  a  person  standing  in  the  centre  could  not 
see  the  summit  of  the  surrounding  ring  at  any  point ;  aud  yet  no  line  of 
demarcation  can  he  drawn  between  tbem  and  the  smaller  craters.  The  series 
is  continuous.  Moreover,  on  the  earth,  volcanoes  necessarily  require  the 
action  of  air  and  water,  which  do  not  now  exist  on  the  moon.  It  is  obvious, 
therefore,  that  if  these  lunar  craters  are  the  result  of  true  volcanic  eruptions, 
they  must  be  'fossil'  formations  ;  for  it  isqaitecertain>  that  no  evidence  of 
existing  volcanic  activity  has  ever  been  found.  The  moon's  surface  appears 
to  be  absolutely  quiescent  —  still  in  death. 

On  some  portions  of  the  moon  these  craters  stand  very  thickly. 
Older  craters  have  been  encroached  upon,  or  more  or  less  completely 
obliterated  by  the  newer,  and  the  whole  surface  is  a  chaos,  of  which 
the  counterpart  is  hardly  to  be  found  on  the  earth,  even  in  the 
roughest  portions  of  the  Alps.  This  is  especially  the  case  near  the 
moon's  south  pole.  It  is  noticeable  that,  as  on  the  earth  the  newest 
mountains  are  generally  the  highest,  so  on  the  moon  the  more  newly 
formed  craters  are  generally  deeper  and  more  precipitous  than  the 
older  ones. 

>  See  now  on  page  183, 
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266.  Lunar  Komenclatore. — The  great  plains  were  called  by 
Galileo  oceans  or  seas  (Maria),  and  some  of  tbe  smaller  ones 
marshes  (Paludes)  and  lakes,  for  he  supposed  that  the  grayish  sur- 
faces visible  to  the  naked  eye,  and  conspicuous  in  a  small  telescope, 
were  covered  with  water.  Thus  we  have  the  "  Oceanus  Procellarum," 
the  "Mare  Imbrium,"  and  a  number  of  other  "seas,"  of  which 


Fio.  K.  — Mop  ol  Ihe  Mmn.    (Iteduc«<]  rrom  NciBOD.) 

"  Mare  Fecunditatis,"  "  Mare  Serenitatia,"  and  "  Mare  Tranquilitar 
tis,"  are  the  most  conspicuous.  There  are  twelve  of  them  in  all, 
and  eight  or  nine  Faludes,  Lacus,  and  Sinus. 

The  ten  mountain  ranges  on  the  moon  are  mostly  named  after 
terrestrial  mountains,  as  Caucasus,  Alpes,  Apennines,  though  two 
or  three  bear  the  names  of  astronomers,  like  Leibnitz,  Diirfel,  etc. 
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The  coDspicaouB  craters  bear  the  names  of  the  more  eminent  ancient 
and  mediieval  astronomers  and  philosophei-s,  as  Plato,  Archimedes, 
Tycbo,  Copernicus,  Kepler,  and  Gusscndi ;  while  hundreds  of  smaLier 
and  lesa  conspicuous  form&tjous  bear  the  names  of  more  modern  or 
less  noted  astronomers. 

The  tyslem  seams  to  have  originated  with  Riccioli  in  1650,  but  most  of 
the  names  have  been  more  recently  assigned  by  the  later  map-makers,  the 
most  eminent  of  whom  have  been  the  German  astronomers  Beer  and  Maed- 
ler  (who  published  their  map  in  1837),  and  Schmidt  of  Athens,  whose  great 
map  of  the  moon,  on  a  scale  seven  feet  in  diameter,  was  published  by  the 
Prussian  gorernuient  some  years  ^o.  It  is  not  at  all  too  much  to  say  that 
our  maps  of  the  earth's  surface  do  not,  on  the  whole,  compare  in  fulness  and 
accuracy  with  our  maps  of  the  moon.  Of  course  this  is  not  true  of  such 
countries  as  France  and  England,  or  others  that  have  been  tvigonometricallj 
surveyed ;  but  there  are  no  such  lacuna  in  our  maps  of  the  moon  as  exist  in 
our  maps  of  Asia  and  Africa,  for  instance. 

267.  Other  Lunar  Formationi. — The  craters  and  mountfuns  are 
not  the  only  interesting  for- 
mations on  the  moon's  sur- 
face. Therearemanydeep, 
narrow,  crooked  valleys  that 
go  by  the  name  of  "  rills" 
(German  Ritlen),  some  of 
which  may  once  have  been 
watercourses.  Then  there 
are  numerous  "  clefts,"  half 
a  mile  or  so  wide  and  of  nn- 
knowQ  depth,  ruiming  in 
some  cases  several  hundred 
miles,  straight  through  moun- 
tain and  valley,  without  any 
apparent  regard  for  the  ac- 
cidents of  the  surface. 
They  seem  to  be  deep 
cracks  in  the  crust  of   our 

satellite.       Several   of     them      Fio,8».-Archlm«l«uidtbe  Apeonlne.  (NMmrth). 

are  shown  in  Fig.  8G.     Most 

curious  and  interesting  of  all  are  the  light-colored  streaks  or  "rays" 
which  radiate  from  certain  of  the  craters,  extending  in  some  cases 
a  distance  of  several  hundred  mites.  They  are  usually  from  five  to 
ten  miles  wide,  and  neither  elevated  nor  depressed  to  any  extent  with 
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reference  to  the  general  Burface.  They  pass  across  monntiun  and 
valley,  and  sometimes  tiirough  craters  without  any  change  in  width 
or  color.  We  do  not  know  whether  they  are  like  the  so-called  "  trap- 
dykes  "  CD  the  earth,  —  fissureB  which  have  been  flUed  up  from  below 
with  some  light-colored  material,  —  or  whether  they  are  mere  sur- 
face markings.     No  satisfactory  explanation  has  ever  been  given. 

Tlie  most  remarkable  system  of  "rays"  of  this  kind  is  the  one 
connected  with  the  great  crater  Tycho,  not  very  far  from  the  moon's 
south  pole.  They  are  not  very  conspicuous  until  within  a  few  days 
of  full  moon,  but  at  that  time  they,  and  the  crater  from  which  they 
radiate,  constitute  by  far  the  most  striking  feature  of  the  whole  lunar 


268.  ChfUlgM  on  the  Xooa.  —  It  is  certaia  that  there  are  no  con- 
apicuoua  changes.  The  ob- 
server has  before  him  no 
such  ever  -  varying  vision 
as  be  would  have  in  look- 
ing toward  the  earth, — 
no  flying  clouds,  no  alter- 
nations of  seasons  with  the 
transformation  of  tiie  snowy 
wastes  to  green  fields,  nor 
any  considerable  apparent 
movement  of  objects  on  the 
disc.  The  sun  rises  on  them 
slowly  as  they  come  one 
after  the  other  to  the  ter- 
minator, and  sets  as  slowly. 
At  the  same  time  it  is  con- 
fidentiy  maintained  by  many 
obsen'ers  that  liere  and  there 
changes  are  still  going  on  in 
Fis.BT.— OuKDdKNMniytb}.  the  details  of  the   surface. 

Others  as  stoutly  dispute  it. 

869.  Probably  the  most  notable  and  best  advocated  instance  of  such  a 
change  is  that  of  the  little  crater  Linn^,  in  the  Mare  Serenitatis.  It  was  ob- 
served by  Schroeter  very  early  in  the  century,  and  is  figured  and  described  by 
B«er  and  Kfaedler  as  being  about  five  and  a  half  or  six  miles  in  diameter,  quite 
deep  and  very  bright.  In  1866  Schmidt,  n-ho  had  several  times  observed  it 
l>efore,  stmoiuiced  that  it  had  disappeared.    A  few  months  later  it  was 
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visible  again,  and  there  were  many  reported  changee  in  its  sppeaiaDce 
during  the  next  year  or  two.     There  \b  no  question  that  it  does  not  now  at 
all  agree  in  conspicuousness  and  size  with  the  representation  of  Beer  and 
Maedler,  for  it  is  at  present,  and  has  been  for  several  years,  only  a  minute 
dark  spot,  with  a  whitish  spot  surrounding  it       Astronomers  would  feel 
more  confident  that  this  was  a  cose  of  real  change  were  it  not  that  Scbroe- 
ter's  earlier  picture  much  more  resembles  the  present  appearance  than  does 
that  of  Beer  and  Maedler.     As  the  latter  observers  worlted  with  rather  a 
small  telescope,  and  had  no  reason  for  taking  any  special  pains  in  the  delin- 
eation of  this  particular  object,  the  eri- 
denoe  is  less  conclusive  than  it  might 
seem  at  first.     The  change,  however,  if 
real,  was  certainty  as  great  as  in  the 
instance  of  Krakatoa,  the  great  volcano 
whose  eruption  in  1883  filled  the  earth's 
atmosphere  with  smoke  and  vapor  for 
more  than  two  years,  and  caused  the 
"twilight  conflagrations"  of  the  sky- 
The  phenomenon  in  the  case  of  Linn^ 
if  real,  was  probably  a  falling  iu  of  the 
walls  of  the  crater,  exposing  fiesh  nn- 
weathered  surfaces. 
-^  _  The    difficulty   in    establishing    the 

reality  of  such  changes  lies  mainly  in 
the  great,  but  purely  apparent,  discrepancies  due  to  varying  illumination 
and  to  the  "personal  equation"  of  observers  and  their  telescopes.  Com- 
parisons can  be  safely  instituted  only  between  observations  made  under 
conditions  (lunar,  atmospheric,  instrumental,  and  personal)  which  are  sen- 
sibly identical,  and  such  identity  is  of  course  not  easy  to  secure. 
The  final  appeal  will  be  to  photography.* 

270.  Heasnremeat  of  Lunar  Honntaiiu.  —  The  height  of  a  lunar 
mountain  is  usually  determined  by  measuriog  with  a  micrometer,  as 
accurately  as  possible,  the  apparent  length  of  its  shadow,  and  also, 
a  little  more  roughly,  measuring  at  the  same  time  the  distance  of 
the  object  from  the  terminator  and  from  what  may  be  called  the 
"equator  of  illiimination,"  —  the  line  b  (in  Fig.  88)  which  bisects 
the  phase  symmetrically.  With  these  data  and  those  supplied  by 
the  almanac,  the  result  is  easily  calculated  by  formulte  given  in 
Neison's  "Moon."  If  the  mountain  isfavorably  situated,  its  height 
can  be  determined  in  this  way  with  an  error  not  exceeding  five  or 
six  hundred  feet. 

In  some  cases  the  height  ia  computed  from  measurements  of  the 

>  See  note  on  page  188. 
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dlBtaoce  between  the  terminator  and  the  top  of  the  mountain  when 
it  first  catches  the  sunlight,  and  looks  like  a  star  outside  the  termi- 
nator, as  shown  in  Figs.  87  and  88.     But  this  is  leas  accurate. 

Many  of  the  lunar  mountains  reach  an  elevation  of  15000  feet 
and  upwards.  One  of  the  highest,  so  situated  that  its  height  can 
be  fairly  measured,  is  Mt.  Huyghens  in  the  rajige  of  tho  'Appenines 
on  the  western  edge  of  the  Mare  Imhrium,  —  a  little  over  180OO 
feet  high.  Very  near  the  south  pole,  and  only  visible  in  outline 
nnder  favorable  conditions  of  libration,  are  the  great  Leibnitz  and 
Doerfel  ranges,  which  are  much  higher,  —  probably  between  25000 
and  30000  feet. 

371.  The  Beit  Tine  to  Look  at  the  Hood  with  a  Teleecope.  —  The 
moon  when  full  is  not  so  satisfactory  ai)-object  as  when  near  the  half,  be- 
cause at  the  full  moon  there  are  no  shadows,  so  that  at  that  time  the  "relief" 
of  the  surface  structure  is  entirely  lost.  Certain  features,  however,  as  has 
been  before  niecitioiied,  are  then  best  seen,  as,  for  instance,  the  streaks  or 
rays.  Generally,  any  particular  mountain,  crat^^r,  rill,  or  cleft  is  best  studied 
when  it  is  just  on  or  very  near  the  terminator,  that  is,  at  the  time  when  the 
sun  is  rising  or  setting  near  it,  because  then  the  shadows  are  longest.  The 
best  general  view  of  the  niooti  is  that  obtained  a  few  days  after  the  half 
moon,  when  Cajieniicus  and  Tycho  are  both  near  the  terminator,  and  Plato 
is  still  near  enough  to  it  to  show  very  welt. 

272.  Photographs  of  the  Koon.  —  A  great  deal  of  attention  has  been 
paid  to  this  subject,  and  some  flue  results  have  been  reached.  The  earliest 
success  was  that  of  Bond  in  1850,  with  the  old  daguerreotype  process ;  then 
followed  the  work  of  De  la  Bue  in  England,  and  of  Dr.  Henry  Draper,  and 
especially  of  Mr.  Rutherfurd  in  this  country.  Rutlierfurd's  pictures  have 
remained  absolutely  unrivalled  until  very  recently. 

Since  1885,  however,  great  progress  has  bepii  maile.  In  this  country  the 
Harvard,  the  Lick,  and  the  Yerkes  observatories  have  reached  adntirable 
results,  and  in  Europe  the  Paris  ohservatory.  From  negatives  made  at  the 
Lick  and  Paris  obseFvatories,  and,  more  recently,  by  W.  H.  Pickering  in 
Jamaica,  complete  atlases  of  the  moon  have  been  made.  The  Paris  atlas 
is  especially  fine,  showing  tfae  features  on  various  scales  corresponding  to 
lunar  diameten  ranging  from  four  to  nine  feet.  But  the  photograph  cannot 
yet  rival  the  eye  in  the  study  of  delicate  details. 

272*.  Hota  to  Art.  257.  —  It  is  not  improbable  that  the  extent  and  to 
a  certain  degree  the  composition  of  the  atmosphere  of  a  heavenly  body  may 
depend  directly  upon  its  mass  and  density.  Indeed,  if  the  "Kinetic  theory" 
of  gases  is  true,  it  must  necessarily  be  so,  as  was  pointed  out  some  years 
■go  by  Johnstone  Sloney,  of  Dublin.  According  to  this  theory  the  inolo- 
cules  of  a  gas  are  continually  flying  in  all  directions  with  a  velocity  depeud- 
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ent  upoD  tbeir  mass  and  teroperature.  Individual  molecules  moTe,  some 
faster  and  some  slower,  and  a  certain  small  percentage  ma;  attain  a  speed 
six  or  seven  times  as  great  as  this  mean  Telocity.  At  zero  (Cent)  tbe 
maximum  molecular  velocity  of  oxygen  ie  computed  as  about  1.8  miles  a 
second;  that  of  nitrogen,  2.0 1  that  of  water-vapor,  2.5;  that  of  helium,  5.2; 
and  that  of  hydrogen,  7.4,  —  values  which  increase  or  decrease  with  the 
temperature. 

Again,  at  any  given  distance  from  a  body  there  is  a  so-called  "critical," 
or  "parabolic,"  velocity  (Arts.  429  and  435)  depending  od  the  mass  of  the 
body ;  and  if  a  particle  at  this  distance  haa  a  speed  greater  than  this  para- 
bolic velocity,  it  cannot  be  retained  by  the  body's  graTit&tiooat  attraction, 
but  will  fly  off  into  space.  At  tbe  surface  of  the  sun  this  critical  velocity  is 
about  383  miles  a  second ;  at  the  surface  of  the  earth  it  is  a  little  less  than 
7  ;  and  on  the  moon's  surfnce  it  is  only  1.5.  It  is  clear,  therefore,  that  if  tlie 
Bun  were  cool,  not  a  molecule  of  any  of  the  gases  we  have  mentioned  ahovs 
would  ever  escape  from  its  atmosphere.  On  the  earth,  however,  hydrogen 
cannot  be  retained  free,  but  only  in  chemical  combination ;  helium  would 
be  likely  to  go  also,  since  a  slight  elevation  of  temperature  above  the  freez' 
ing  point  might  increase  it^  molecular  velocity  beyond  the  7-mile  limit. 
Oxygen,  nitrogen,  and  water-vapor,  on  the  other  hand,  stay  by  us. 

But  on  the  moon  the  force  of  gravity  is  so  small  that  even  if  she  were 
now  by  some  means  once  more  reheated  and  reclothed  with  an  atmosphera 
like  our  own,  its  molecules  wonld  one  after  another  take  flight,  and  soon 
leave  her  airless  again. 

This,  however,  all  bangs  upon  the  truth  of  the  kinetic  theory  of  gases, 
which,  though  very  probable,  can  hardly  be  considered  as  yet  completely 
proved. 

It  is  worth  noting,  also,  that  on  this  hypothesis  interplanetary  space  most 
be  populous  with  wandering  molecules  of  the  various  gases,  which,  how- 
ever, no  longer  behave  like  "  gas,"  as  we  know  it  on  the  earth,  because  they 
are  too  far  apart  and  collide  with  each  other  too  seldom  to  enable  them  lo 
manifest  the  familiar  gaseous  properties.  Now  these  wandering  molecules 
must  be  continually  entering  a  planet's  atmosphere,  and  when  as  many  arrive 
in  a  day  as  fly  off  in  the  same  time,  this  atmoBphere  ceases  either  to  grow 

or  to  <)imininh. 


EXEBCIHES    ON    CHAPTER    VIL 

1.  If  the  moon's  sidereal  period  were  sixty  days,  what  would  be  her  syn- 
odic period?  Ans.   71.7932  days. 

2.  In  that  case,  what  would  be  the  mean  interval  between  her  meridian 
transits?     (See  Art.  235.)  ..4ns.  24'' 20.34". 

3.  Does  the  moon  rise  every  day? 
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i  If  the  moon  risM  at  11"  45"  p.m.  on  Wednesday,  when  (approxi- 
mately) will  she  rise  nextV 

6,  What  is  the  lowest  latitude  od  the  earth  where  the  moon  can  remain 
above  the  horizon  for  48  conaecotiTe  hours? 

Ant.   90° -(23''27'  +  6°8')  =61=25'. 

e.  At  what  time  of  the  year  does  th«  full  moon  remain  longest  above 
the  horizon? 

7.  How  many  times  does  the  moon  turn  on  its  axis  in  a  year? 
6.  Does  the  earth  rise  and  set  for  an  obserrer  on  the  moon? 

9.  What  determines  the  direction  of  the  horns  of  the  crescent  moon? 

10.  Can  »  star  ever  be  seen  between  the  horns  of  the  moon  ? 

11.  What  point  describes  "  the  orbit  of  the  earth  "  around  the  sun? 

Am.   The  centre  of  gravity  of  the  earth  and  moon. 

12.  Does  the  centre  of  the  sud,  as  seen  from  the  centre  of  the  earth,  fol- 
low the  ecliptic  exactly,  and  if  not,  how  far  can  it  depart  from  it  on  account 
of  the  moon's  action  ?     (See  Aita.  233  and  243.) 

An*.   The  deviation  may  be  ||  x  8".80  x  sin  5*20'  =  0".e. 

There  are  also  perturbations  of  the  earth  by  the  planets,  producing  ad- 
ditional deviations  of  about  0".5,  so  that  at  times  the  latitude  of  the  sun's 
centre  may  slightly  exceed  ±  I'M. 

Nora  TO  Art.  261. 

Ad  invesUgation  by  Profeesor  Very,  published  in  January,  1S90,  bears  strongly 

In  the  same  direction  u  Lord  Roase's  result,  indicating  a  maximum  temperature 

on  the  moon's  Uluminated  surface  i^proachiag  tbat  of  boiling  water,  but  falling 

Immediately  on  the  withdrawal  of  sunlight 

Note  to  Abts.  265  ind  289. 
ProIesMr  W.  H.  Pickering  considers  that  Uia  observations  and  photographs 
of  1902-190^  show  changes  upon  the  moon's  surface  which  indicate  the  depoei- 
lioD  of  snow  or  hoar-frost  at  certain  points  during  the  lunar  night,  and  its  sab- 
•ajuent  disappearance  when  the  sun's  rays  reach  it ;  very  much  as  if  a  subdued 
volcanic  activity  still  persisted  iu  the  moon  with  vapors  issuing  from  beneatn 
thronf^  fissures  and  fumaroles,  as  In  certain  parts  of  the  earth,  Iceland  for 
lutODce,    But  as  yet  his  views  do  not  seem  h>  have  gained  general  acceptance. 
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THE  SUN  ;  DISTAUCE  AND  DIMEN8IOK8.  —  MASS  AND  DBK8ITY. 
—  EOTATION.  —  STUDY  OP  THE  8UEFACB  :  GENERAL  VIBW8 
AS  TO  THE  sun's  CONBTITUTION.  —  SUN  SPOTS  :  THEIB  AP- 
PEARANCE, NATUBE,  DiSTBIBUTION,  AND  PBBIODICITY. 

873.  Thb  SVN  is  simply  a  »tar;  a.  hot,  self-lominouB  globe  of 
eDormous  magnitude  aa  compared  with  the  earth  and  the  moon, 
though  probably  only  of  medium  size  among  its  stellar  compeers. 
But  to  the  earth  and  the  other  planets  which  circle  around  it,  it  ia 
the  grandest  of  all  physical  objects.  Its  attraction  confines  ite 
planets  to  their  orbits  and  controls  their  motions,  and  its  rays 
supply  the  energy  which  maintains  every  form  of  activity  upon 
theit  surfaces  and  maJieB  them  habitable. 

274.  Its  Siitanoe  and  Simenaions.  —  Its  distance  may  be  detei- 
mined  from  its  horizontal  parallax,  which  is  the  apparent  angular 
semi-diameter  of  the  earth  as  seen  from  the  sun.  The  mean  value 
of  this  parallax  is  probably  very  near  8".8.' 

We  reserve  to  a  separate  chapter  the  discussion  of  the  methods 
by  which  this  most  fundamental  and  important  of  all  astronomical 
data  has  been  ascertained,  merely  remarking  here  that  the  problem 
is  one  of  extreme  practical  difficulty,  though  the  principles  involved 
are  simple  enough. 

Assuming  the  parallax  at  8".8,  the  mean  distance  of  the  sun  (pat- 
ting r  for  the  earth's  radius)  equals 

^-^^in  8".8  =  23439  Xr. 

With  Clarke's  value  of  r  (Art.  146),  this  gives  149  500000  kaometers, 


'  In  tbe  American  Epbemerls  the  value  deduced  hj  Newcomb  In  1867  vu 
used,  viz.,  8".85.  The  British  "Nautical  Almanack"  used  the  same  value,  ttii 
the  French  the  value  deduced  by  Leverrier  a  little  earlier,  6". 86;  but  mon  re- 
cent observations  show  that  the  number  stated,  8".B,  ia  mora  nearly  conect, 
and  since  1!I00  it  baa  been  used  in  all  three  ephemeridea. 
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or  92  897000  miles ;  which,  however,  is  uncertain  by  at  least  60000 
miles,  and  is  variable,  also,  to  the  extent  of  about  three  million  miles 
on  account  of  the  eccentricity  of  the  earth's  orbit,  the  eatth  being 
nearer  the  sun  in  December  than  in  June. 

S75.  This  distance  is  so  much  greater  than  any  with  which  we 
have  to  do  on  the  earth  that  it  is  possible  to  reach  a  conception  of 
it  only  by  illustrations  of  some  sort.  Perhaps  the  simplest  is  that 
drawn  from  the  motion  of  a  railway  train.  Such  a  train  going  1000 
miles  a  day  (nearly  forty-two  mUes  an  hour)  would  take  254^  years 
to  make  the  journey. 

If  sound  were  transmitted  through  interplanetary  space,  and  at 
the  same  rate  as  through  our  own  atmosphere,  it  would  make  tlie 
passage  in  about  fourteen  years  ;  i.e.,  an  explosion  on  the  sun  would 
be  heard  by  us  fourteen  years  after  it  actually  occurred.  A  cannon- 
ball  moving  unretarded,  at  the  rate  of  1700  feet  per  second,  would 
travel  the  distance  in  nine  years.     Light  does  it  in  499  seconds. 


276.  Diameter.  —  The  sun's  mean  apparent  diameter  is  32'  04"  ± 
2".  Since  at  the  sun  one  second  equals  4d0.3S'  miles,  its  diameter 
equak  S66500  miles,  or  109i)-  times  the  diameter  of  the  earth.  It 
is  quite  possible  that  this  diameter  is  variable  to  the  extent  of  a  few 

»  92  897000-=-  206264.8  =  450.S8. 
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hundred  miles,  siDce,  u  will  appear  hereafter,  the  Ban  (Kt  least  tits 
sarface  which  we  see)  is  not  solid. 

RepresentiDg  the  snn  by  a  globe  two  feet  in  diameter,  the  earth 
would  be  -^  of  an  inch  in  diameter,  —  the  size  of  a  ver}'  small  pea, 
or  a  '^  22-calibre  "  round  pellet.  Its  distance  fh>m  the  sua  on  that 
scale  would  be  just  about  220  feet,  and  the  nearer  star  (still  on  the 
same  scale)  would  be  eight  thousand  mUea  away,  at  tke  antipodes. 

If  we  were  to  place  the  earth  in  the  centre  of  the  sun,  supponng 
it  to  be  hollowed  out,  the  sun'a  aurface  would  be  433,000  miles  awaj 
from  us.  Since  the  distance  of  the  moou  is  only  about  239,000 
miles,  it  would  be  only  a  little  more  tban  half-way  out  from  the 
earth  to  the  inner  surface  of  the  hollow  globe,  which  would  thus 
form  a  very  good  background  for  the  study  of  the  lunar  motions. 

It  is  perhaps  worth  noticing,  as  a  help  to  memory,  that  the  sun's  diameter 
exceeds  lh«9  earth's  just  about  as  man  j  times  aa  it  is  itself  exceeded  by  the 
radius  of  the  earth's  orbit ;  or,  in  other  words,  the  sun's  diameter  is  nearig  a 
mean  proportional  between  the  eai-th's  distance  from  the  sun  and  the  earth's 
diameter,  110  being  the  common  ratio. 

S77.  Snrfaoa  and  Volume.  —  Since  the  9vrf<uxa  of  globea  are  pro- 
portional to  the  squares  of  ttieir  radii,  the  eurface  of  the  sun  exceeds 
that  of  the  earth  in  the  ratio  of  (109.5)*  to  1 ;  that  is,  its  surface  is 
about  12,000  tjmes  the  surface  of  the  earth. 

The  votumea  of  epberes  are  proportional  to  the  cubes  of  their  radii ; 
hence  the  sun'a  volume  is  (109. 5)^  or  1,300000  times  that  of  the  earth. 

878.  The  Stui'b  Hau.  — The  mass  of  the  sun  is  very  nearly  three 
hundred  and  thirty-two  thousand  times  that  of  the  earth,  subject  to  a 
probable  error  of  at  least  one  per  cent.  There  are  variouB  ways  of 
getting  at  this  result.  For  our  purpose  here,  perhaps  the  most  con- 
venient  is  by  comparing  the  earth's  attraction  for  bodies  at  her  surface 
(as  determined  by  pendulum  experiments)  with  the  attraction  of  the 
Btui  for  the  earth,  — the  central  force  which  keeps  her  in  her  orbit. 
Put/for  tills  force  (measured,  like  gravity,  by  the  velocity  it  gener- 
ates in  one  second),  g  for  the  force  of  gravity  (32  feet  2  inches 
per  second),  r  the  earth's  radius,  R  the  sun's  distance,  and  let  E 
and  S  be  the  masses  of  the  earth  and  snn  reapectavely.  Then,  hy 
the  law  of  gravitation,  we  have  the  proportion 

Now,  -  «  23,440  (nearly) . 
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Its  square  equals  549,433,600.  ^  =  366  Inches.  Toflnd/we  hay« 
from  MeohaoicB  (Physics,  pp.  17  and  2S), 

this  being  the  expression  for  the  "  central  force  "  In  tbe  case  of  a 
bod;  revolving  in  a  circle.  (We  may  neglect  the  eccentricity  of  the 
earth's  orbit  in  a  merely  approximate  treatment  of  the  problem.) 
Via  the  orbital  velocity  of  the  earth,  which  is  found  by  dividing  the 
circumference  of  the  orbit,  2  wS,  by  T,  the  number  of  seconds  in  a 
sidereal  year.  This  velocity  comes  out  18.495  miles  per  second. 
pQtIing  this  into  formnla  (&),  we  set/=  0.S333  inches. 


aoOM  ■£»  0.0006044 


whence 


We  may  note  in  passing  that  half  of  /  expresses  the  distance  by 
which  the  earth  faUa  towards  Ike  mm  every  second,  Just  as  half  g  is 
the  distance  a  body  at  the  earth's  surface  falls  in  a  second.  This 
quantity  (0.116  inch),  a  trifle  more  than  a  ninth  of  an  inch,  is  the 
amount  by  which  the  earth's  orbit  deviates  from  a  straight  line  in  a 
second.  In  travelling  eighteen  and  one-haif  miies  the  deflection  ia 
only  (me-ninth  of  an  inch. 

878*.    By  subatitutiDg  ^^  for  K  in  equation  (b),  we  get 

sod  putting  this  value  of /into  equation  (a)  and  reduiung,  we  obtain 

or.dnoe  *=-i_ 

r     amp 

{p  bong  the  enn's  horizontal  parallax),  we  have  finally 

It  wOl  be  notloed  that  in  this  expression  the  cube  of  the  parallax  appears, 
ud  Uiis  is  the  reason  why  an  uncertainty  of  one  per  cent  in  p  involves  an 
uacertainty  of  three  per  cent  in  S. 
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Id  obtaining  the  mass  of  the  sun  it  will  be  aeen  that  we  teqniie 
as  data,  T,  the  length  of  the  sidereal  year  in  seconda  ;  the  value  of 
gravity,  g  (which  is  derived  from  pendulum  experiments) ;  the  radios 
of  the  earth,  r  (deduced  from  geodetic  Burveys);  and  finally  (and 
most  difficult  to  get),  the  sun's  parallax,  p,  or  else  the  sun's  distance, 

S ;    giving  us  in  either  ease  the  ratio  -^' 

879.    The  Sun's  Density.  —  This  density'  as  compared  with  that 
of  the  earth  is  found  by  simply  dividing  its  mass  by  its  volume 
(both  as  compared  with  the  earth) ;  that  is,  it  equals  the  fraction 
332000 


1300000 


=  0.265, 


a  little  more  than  a  quarter  of  the  earth's  density.  To  get  its  "*pe- 
cijicffravitt/"  (i.e.,  density  as  compared  with  troter),  we  must  multiply 
this  by  5.58,  the  earth's  mean  specific  gravity.  This  gives  1.41 ; 
that  is,  the  sun's  mean  density  is  not  1^  times  that  of  water,  —  a  most 
significant  result  as  bearing  on  its  physical  condition. 

280.  Superficial  Qravity.  —  This  is  found  by  dividing  its  mass  by 
the  square  of  its  radius ;  that  is, 

332000 
(109i)'' 
which  equals  27.6.     A  body  weighing  one  pound  on  the  earth's  sur- 
face would  there  weigh  27.6  pounds.     A  body  would  fall  444  feet 
in  a  second,  instead  of  16  feet,  as  here. 

881.  The  Sun's  Rotation.  —  The  sun's  surface  often  shows  spots 
upon  it,  which  pass  across  the  disc  from  east  to  west.  These  are 
evidently  attached  to  its  surface,  and  not  bodies  circling  around  the 
sun  at  a  distance  above  it,  as  was  imagined  by  some  early  aatrono- 
mers,  because,  as  Galileo  early  demonstrated,  they  continue  in  sight 
just  as  long  as  the  time  during  which  they  are  invisible ;  which 
would  not  be  the  case  if  they  were  at  any  considerable  elevation. 

1  The  determination  of  the  sun's  denslt)'  doea  not  necetsarili/  involve  lis  patKllai. 
Pat  p  for  sun's  radius,  and  Ds  for  ils  densii; ;  let  De  be  earth's  mean  densUif. 

8nbHtitutetneqiiaUon<c), andwehave  ^wf^Da  =  Jxr^Zte  ■7i5(~){~)  I,  whence 
D«  =  Der^(-)(-)*1.  But  (^J  =  Binl,  2  being  the  sun's  angular  seml- 
dlametet.    Hence,  finally,  I).  =  2)e[^"(J)(^)]. 
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Period  of  Rotation.  —  The  avera^  time  occupied  by  a  spot  in 
passing  around  tbe  sun  and  returning  to  the  same  position  again  is 
27.25  days,  —  average  because  different  spots  show  considerable 
differences  in  this  respect.  This  interval,  howeverj  is  not  the  tru» 
time  of  solar  rotation,  but  the  synodic,  since  the  earth  advances  in 
the  interval  of  a  revolution  so  that  the  sun  has  to  turn  on  its  axis  a 
little  farther  each  time  to  bring  the  spot  again  into  conjunction  with 
the  earth.  The  equation  by  which  the  tnie  period  is  deduced  from 
the  synodic  is  the  same  as  in  the  case  of  the  moon  (Art.  232),  viz.: 


T  being  the  true  period  of  the  sun's  rotation,  E  the  length  of  the 
year,  and  8  the  observed  synodic  rotation ; 

which  gives  Tis  25^.36.     Different  observers  get  slightly  different 
results.     Carrington  6nds  25<'.38  ;  Spoerer,  25<'.23. 

28S.  Position  of  the  Snn'a  Axis.  —  On  watching  the  spots  with 
caie  as  they  cross  the  disc,  it  appears  that  they  usually  describe 
paths  more  or  less  oval,  showing  that  the  sun's  axis  is  inclined  to 
the  ecliptic-  Twice  a  year,  however,  the  paths  become  straight,  at 
the  times  when  the  earth  is  in  the  plane  of  the  sun's  rotation. 
These  dates  are  about  June  3  and  December  6. 


The  uoendiag  node  of  the  eun's  equator  ie  in  celestial  longitude  73°  40' 
(Carrington),  and  the  inclination  of  its  equator  to  the  plane  of  the  ecliptic 
i«  7'  15'.  Ito  inclination  to  the  plane  of  the  terrestrial  equator  is  26°  25'. 
The  position  of  the  point  in  the  sky  towards  which  the  sun's  pole  is  directed 
ia  in  right  uoeDsiou  IS^^  44'>,  declination  +  63°  35',  very  nearly  half-waj 
l>*t*egii  the  bright  star  a  Lyree  and  the  Pole  Star. 

F^.  90  shows  the  position  of  the  sun's  axis  and  equator  with  refen>nce 
to  the  north  and  south  line,  and  the  apparent  paths  of  sun-spots  upon  the 
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dJBc,  at  the  dates  indicated.  On  January  4  and  July  6  the  axis  lies  exactly 
upoD  the  houT'Circle,  i.e.,  due  north  and  south  in  the  sky.  On  April  6  and 
October  H  the  position  angle  is  at  its  maximum  of  29'  26'  vest  and  east, 
reBpectively. 

583.  PeoTili»r  Lav  of  the  Sun's  Botatlon.  —  Bquatoriai  AfxeUror 
tion.  The  earth  rotates  <u  a  whole,  bteiTY  point  on  its  surface  maVing 
its  diurnal  rerolution  in  the  same  time ;  so  also  with  the  moon  and 
with  the  planet  Mars.  Of  course  it  is  necessarily  so  with  any  solid 
globe.  But  this  is  not  the  case  with  the  son.  It  was  noticed  qmte 
early  that  the  different  spots  give  different  results  for  the  rotation 
period,  but  the  researches  of  Garrington  between  1853  and  1861  first 
brought  out  the  fact  that  the  differences  follow  a  regular  law,  showing 
that  at  the  solar  equator  the  time  of  rotation  is  less  than  on  either 
side  of  it.  Thus,  spots  near  the  bud's  equator  give  T^  2S  days ;  at 
solar  latitude  20%  2"=  25.75  days;  at  solar  latitude  30°,  r=26.5 
days ;  at  solar  latitude  40°,  r=27  days.  The  time  of  rotation  in 
latitude  40°  is  fully  two  days  longer  than  at  the  solar  equator  ;  but 
we  are  unable  to  follow  the  law  further  towards  the  poles,  because 
the  spots  are  rarely  found  beyond  the  parallels  of  45°  on  each  side 
of  the  equator,  and  there  are  no  well-defined  markings  between  this 
point  and  the  poles  by  which  we  can  accurately  determine  the  motion. 

584.  Various  fomiulce  have  been  proposed  to  represent  this  law  of  rot* 
tiou.  Carrington  gives  for  the  daily  motion  of  a  spot  X=  865'—  16S'XsinH 
I  being  the  solar  latitude  of  the  spot.  Faye,  from  the  same  observations, 
considering  that  the  exponent  \  could  have  no  physical  justification,  deduced 
X=  862'  —  186'  X  sin'f,  which  agrees  almost  as  well  with  the  observatiODS. 
Still  other  formulce  have  been  deduced  by  Spoerer,  Ztillner,  and  TiMerand, 
all  giving  substantially  the  same  results  for  the  Bun-spot  zones. 

It  might  be  supposed  that  this  apparent  equatorial  acceleration  may  be 
only  a  motion  of  the  spots  over  the  son's  surface,  like  that  of  clouds  or  rail- 
way trains  over  the  earth,  and  the  idea  has  been  tested  by  observaUoDS 
upon  the  faculie  (Art  292),  and  upon  the  lower  portions  of  the  solar  atmos- 
phere where  the  dark  lines  of  the  spectrum  originate.  The  resolts  from  the 
facuhe  have  been  a  little  discordant  among  themselves,  but  a  late  research 
of  the  kind,  based  upon  a  series  of  photographs  made  at  Pulkowa,  comes 
out  in  substantial  agreement  with  the  results  obtained  from  the  spots. 

The  motion  of  the  sun's  atmosphere  cannot,  of  course,  be  studied  by 
direct  telescopic  or  photographic  methods,  but  only  spectroteopicaUy,  M  ex- 
plained hereaft«r,  by  making  use  of  the  "  Doppler-Fizeau  Principle"  (Art. 
321).  The  earlier  observations  of  this  kind  were  not  delicate  enough  to  do 
much  more  than  to  prove  that  the  solar  atmoaphere  actually  participates  in 
the  general  rotation.  In  1887  Crew  at  Baltimore  made  an  elaborate  series 
of  observations  which  indicated  for  the  atmosphere  a  mean  rotation-period 
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practicallj  the  same  as  that  given  by  the  spots,  but  with  a  alight  (though 
very  doubtful)  retardation  at  the  equator.  The  exquisite  work  of  Duadr  (in 
Sweden),  however,  two  years  later,  demonstrated  the  equatorial  acceleration 
of  the  solar  atmosphere  beyond  all  question. 

Observations  of  Jewell  at  Baltimore  in  1867  appear  to  indicate  that  the 
upper  portions  of  the  solar  atmosphere  have  a  rotation-period  several  days 
shorter  than  the  lower.  Results  obtained  bj  Adams  in  1007  also  indicate 
a  retardation  at  the  lower  level,  but  less  in  amount. 

285.  Thus  tax  all  the  formula  which  attempt  to  represent  the 
velocity  of  the  sun's  surface  in  different  latitudes  are  simply  empiri- 
eal;  that  is,  they  are  deduced  from  the  observations,  without  being 
based  upon  any  satisfactory  physical  explanation,  for  no-  such  ex- 
planation of  this  strange  equatorial  acceleration  has  yet  been  found. 
Probably  it  has  its  origin  somehow  in  the  effects  produced  by  the 
outpour  of  heat  from  the  sun's  surface ;  still,  just  how  such  a  result 
should  follow  in  the  case  of  a  cooling  globe,  of  which  the  particles 
are  free  to  move  among  each  other,  is  not  yet  evident. 

(See  note  at  end  of  chapter,  Art.  310*.) 

It  has  been  su^ested  (see  Art.  306)  that  the  spots  may  be  due  to  the  fall 
of  matter  upon  the  sun's  surface,  matter  which  has  remained  at  a  great 
elevation  for  some  time,  and  acquired  a  corresponding  velocity  of  rotation. 
It  can  be  shown  that  if  the  matter  forming  the  spots  had  thus  fallen  from 
a  height  of  about  20UO0  miles,  it  would  account  for  their  apparent  accelera- 
tion. Matter  so  falling  would  have  an  apparent  eastward  motion,  just  as 
do  bodies  on  the  earth  when  falling  from  the  summit  of  a  tower  (Art.  138). 
From  this  point  of  view  it  is  very  interesting  to  inquire  whether  the  minuter 
markings  upon  the  sun's  surface  do,  or  do  not,  possess  the  same  rate  of 
motion  as  the  spots.  At  present  the  evidence  b  not  decisive,  but  probably 
they  do. 

886.  The  ?honomena  of  the  Sun's  Snrfuie.  —  In  order  to  study 
the  sun  with  the  telescope  it  is 
necessary  to  be  provided  with  some 
special  forms  of  apparatus.  Its  heat 
and  light  are  so  intense  that  it  is  im- 
possible to  look  directly  at  it,  as  we 
do  at  the  moon.  A  very  convenient 
method  of  exhibiting  the  sun  to  a 
number  of  persons  at  once  is  simply 
to  attach  to  the  telescope  a  frame 
carrying  a  screen  of  white  paper  at  a  Ficm.— Tei»»peaods«re«ii. 

distance  of  a  foot  or  more  from  the 
eye-piece,  as  shown  in  Fig.  91.    On  pointing  the  instrument  to  the  sun 
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and  properly  adjusting  the  focus,  a  distinct  image  is  formed  on  the 

screen,  which  shows  the  main  features 

very  fairly.     It  is,  however,  much  more 

satisfactory  to  look  at  it  directly,  with 

a    proper    eye-piece.      With    a    small 

telescope,  not  more  than  two  and  a  half 

or  three   inches  in   diameter,   a  mere 

dark  glass  between  the   eye-piece  and 

I  the  eye  can  be  used,  but  this  dark  glass 

soon  becomes  very  hot,  and  is  apt  to 

crack.     With  larger  instruments,  it  is 

necessary  to  use  eye-pieces  especially 

signed  for  the  purpose  and  known  as 

Fio.  92.  — ItenchelEye-pleae.        Solar  eye-piecea  or  helioscopes. 

Tlie  simplest  o£  them,  and  a  very  good  one  for  ordinary  purposea,  is  one 
known  as  Ilerschel'H,  in  which  the  sun's  rays  are  reflected  at  right  angles  by  a 
plane  of  unsilvered  glass  (Fig.83).  This  reflector  is  made  either  of  a  prismtttio 
form  or  concave,  in  order  that  the  reflection  from  the  hack  surface  may  not 
interfere  with  that  from  the  front.  About  nine-tenths  of  the  light  paase* 
through  this  reflector,  and  is  allowed  to  pass  out  uselessly  through  the  open 
end  of  the  tube'.  The  remaining  tenth  is  sent  through  the  eye-piece,  and 
though  still  too  intense  for  the  eye 
to  endure,  it  requires  only  a  com- 
paratively thin  shade  of  neutral-tinted 
glass  to  reduce  it  sufficiently,  and  in 
this  case  the  shade  does  not  become 
uncomfortably  heated.  It  is  well  to 
have  the  shade-glass  made  wedge- 
shaped,  ^  thinner  at  one  end  than 
at  the  other,  —  so  that  one  can 
choose  the  particular  thickness  which 
is  best  adapted  to  the  magnifying 
power  employed. 

287.  The  polariziiig  eye-pieces 
are  still  better  when  well  made.  In 
these  the  light  is  reflected  twice  at 
plane  surfaces  of  glass  at  the  '■  angle 
of  polarization  "  (Physics,  p,  46L'), 
and  is  then  received  on  a  second  pair 
of  reflectors  of  black  glass.  When 
the  upper  pair  of  reflectors  is  in 
either  of  the  two  positions  shown  in 
Fig.  03,  a  strong  beam  of  light  is  received  at  C, 


Pro.  93.  —  PolArii 


too  strong  for  the  eye  to 
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bear,  although  more  than  ninety  per  cent  of  it  haa  already  been  rejected  ; 

but  by  simply  turning  the  box  which  carries  the  upper  reflectors  ons-qnarter 
o£  a  revolution  around  the  line  BB'  as  an  axis,  the  light  may  be  wholly 
extinguished ;  and  any  desired  gradation  may  be  obtained  by  setting  it  at 
the  proper  angle,  without  the  use  of  a  ehade-glass. 

888.  It  may  be  asked  why  it  will  not  answer  merely  to  "cap" 
the  object-glass,  and  bo  cut  off  part  of  the  light,  instead  of  rejecting 
it  after  it  has  once  been  allowed  to  enter  the  telescope.  It  is  because 
of  the  fact,  mentioned  in  Art.  43,  that  the  smaller  the  object-lens  of 
the  telescope,  the  larger  the  image  it  makes  of  a  luminous  point,  or 
the  wider  its  image  of  a  sharp  line.  To  cut  down  the  aperture, 
therefore,  is  to  sacrifice  the  definition  of  delicate  details.  With  a 
low  power  there  is  no  objection  to  reducing  the  amount  of  beat  ad- 
mitted into  the  telescope  tube  in  that  way,  but  with  the  higher 
powers  the  whole  aperture  should  always  be  used. 

289.  Photography.  —  In  the  study  of  the  snn's  surface  photog^ 
raphy  is  for  some  purposes  very  advantageous  and  mnoh  used.  The 
instrument  must  have  a  special  object-glass  (Art.  42),  with  an  appa- 
ratus for  the  quick  exposure  of  plates.  Such  instruments  are  called 
photo-heliographs,  and  with  them  photographs  of  the  sun  are  made 
daily  at  numerous  observatories.  The  necessary  exposure  varies 
from  ^}g  to  -^j,  of  a  second,  in  different  cases.  The  pictures  made 
by  these  instruments  are  usually  from  two  inches  up  to  eight  or  ten 
inches  in  diameter,  and  some  of  Janssen's,  made  at  Meudon,  bear 
enlarging  up  to  forty  inches  in  diameter.  Photographs  have  the 
advantage  of  freedom  from  prejudice  and  prepossession  on  the  part 
of  the  observer ;  but  they  take  no  advantage  of  the  instants  of  fine 
seeing.  They  represent  the  surface  as  it  happened  to  appear  at  the 
moment  when  the  plate  was  uncovered. 

390.  The  study  of  the  sun  has  become  so  important  from  a  scientific 
point  of  view  that  several  obBervatories  have  recently  been  established 
mainly  for  that  purpose,  though  moat  of  them  connect  with  it  that  of  other 
topics  in  astronomical  phyaics.  Among  the  most  important  of  these  "astro- 
physical"  obaervatoriea  may  be  named  those  at  Potsdam  and  Meudon,  and  in 
this  country  the  one  at  Mount  Wilaou,  California. 

S91.  Oenerol  Views.  —  Before  passing  to  a  discossion  of  the  de- 
tails of  the  different  solar  phenomena,  it  will  be  well  to  give  a  very 
brief  summary  of  the  objects  and  topics  to  be  considered. 

1.  The  photosphere ;  i.e.,  the  luminous  surface  of  the  sun  directly 
visible  to  our  telescopes.  It  is  probably  a  sheet  of  luminous  ehuds 
formed  by  condensation  into  little  drops  and  crystals  (like  the  water- 


D.gitizect.yG00glc 


194  THE   SUB. 

dropB  and  ice-crystals  ia  our  terrestrial  clouds)  of  certain  substuiceB 
which  within  the  central  mass  of  the  sun  exist  in  a  gaseous  form, 
but  are  cooled  at  its  surface  below  the  temperature  necessaiy  foi 
their  condensation  ;  perhaps  such  substances  a^  carbon,  boron,  and 
silicon.  The  granules,  faculfe,  and  spots  are  all  phenomena  in  this 
photosphere. 

2.  The  so-called  "reversing  layer"  is  a  stratum  of  nnknown  thick- 
ness, but  probably  shallow,  just  above  the  photosphere,  containing 
the  vapors  of  many  of  the  familiar  terrestrial  elements ;  of  which 
the  presence,  and  to  some  extent  their  physical  condition,  can  be 
investigated  by  means  of  the  Bpectroscope. 

3.  Above  the  phoU)8|Uieie,  interpenetrating  the  atmosphere  of 
vapors'T'l't'S^ken  of,  and  perhaps  indistinguishable  from  it,  is  an 

envelope  of  permanent 
gases ;  that  is,  gases 
which,  under  the  solar 
conditions,  cannot  be  con- 
densed into  clouds  of 
solid  or  liquid  particles. 
Among  them  hydrogen  is 
most  conspicuous.  This 
envelope  is  the  so-called 
Chromosphere  ;  and  from 
it  the  prominence*  of 
various  kinds  rise,  some- 
times to  the  height  of 
hundreds  of  thousands 
of  miles.  These  beautiful 
objects  are  best  seen  at 
total  eclipses  of  the  sun, 
but  to  a  certain  extent 
they  can  also  be  studied 
at  any  time  by  the  help 
of  a  spectroscope. 
4.  Higher  yet  rises  the 

mysterious      Corona^ of 

material  still  less  dense, 
and    so    far    observable 

Fra.B4.-Coiiatitn(lonotlhs8Qii.    From  "  The  Son,"     onlv  durintt  total  eclioses 
by  pennlSBiOD  o(  the  PnlilUliora.  -     , 

of  the  sun. 
Fig.  94  shows  the  relative  positions  of  these  different  elements  of 
the  solar  constitution. 
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6.  A  fifth  subject  deals  with  the  metuurement  of  the  mn'g 
light  aod  the  relative  biightnees  of  different  parts  of  the  solar 
surface. 

6.  Another  most  interesting  and  important  topic  relates  to  the 
amOTiBt  of  heat  radiated  by  the  sun,  —  the  sun's  probable  temperature 
and  the  mechanism  by  which  its  heat-supply  is  maintained. 

HM.  Th«  Photosphere.  —  The  sun's  visible  surface  is  called  the 
photosphere,  and  when  studied  under  favorable  atmospheric  condi- 


tions, with  a  rather  low  magnifying  power,  it  looks  like  rough  draw- 
ing-paper. With  higher  powers  it  is  seen  to  be,  as  shown  in  Fig.  96, 
made  up  of  a  comparatively  darkish  background  sprinkled  over  with 
grains,  or  "nodules,"  as  Herschel  called  them,  of  something  much 
more  brilliant,  —  like  snowflakes  on  gray  cloth,  according  to  Langley. 
These  are  from  400  to  600  miles  across,  and  in  the  finest  seeing  are 
themselvea  resolved  into  more  minute  "  granules."     For  the  most 
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part,  these  nodules  are  about  as  broad  as  they  are  long,  though  of 
irregular  form  ;  but  here  and  there,  especially  in  the  neighborhood 
of  the  spots,  they  are  drawn  out  into  long  streaks.  Nasmyth  seems 
lirst  to  have  observed  this  structure,  and  called  the  filaments  "  wil- 
low leaves."  Seochi  called  them  "rice  grains."  According  to 
Huggins  they  were  "  dots  " ;  and  there  was  for  a  long  time  a  pretty 
lively  controversy  as  to  their  true  form.  Their  shape,  however, 
unquestionably  varies  very  much  in  different  parts  of  the  surface 
and  under  different  circumstances.  They  are  probably  luminous 
clouds'  floating  in  a  less  luminous  atmosphere. 


fia.  ge.  —  Fwnte  *t  Edge  of  (he  Son.    (De  l»  Rue.) 

Near  the  edge  the  photosphere  appears  generally  much  less  bril- 
liant ;  but  certain  bright  streaks  called  "  faculse  "  (from  fax,  a  torch), 
which,  though  visible,  are  not  very  obvious  at  points  further  from 
the  limb,  become  there  conspieuoua.  These  fa«ulEB  are  elevations, 
probably  of  the  same  material  as  the  rest  of  the  photosphere,  but 
elevated  above  the  general  level  and  intensified  in  brightness. 
When  one  of  them  passes  off  the  edge  of  the  sun,  it  is  sometimes 
seen  as  a  little  projection.  They  are  most  abundant  near  the  sun 
spots,  and  they  are  more  conspicuous  near  the  edge  of  the  disc,  as 
shown  in  Fig.  96,  because  the  sun's  surface  is  overlaid  by  a  gaseous 
atmosphere  which  absorbs  more  of  the  light  there  than  it  does  near 
tlie  centre,  and  these  faculse  push  up  through  it  like  mountains. 

1  It  was  man]'  jrears  ago  BUggeated  by  Stone;  that  these  clouds  are  probably  com- 
posed mainly  of  carbon,  but  this  new  is  cot  yet  by  any  means  universally  accepted. 
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298.  The  San  Bpoti.  —  The  appearance  of  a  normal  sun  spot,  Fig. 
97,  fully  formed,  is  that  of  a  dark  central  "rtmhra,"  more  oi  less 
nearly  circular,  with  a  fringing  "penumbra,"  composed  of  filaments 
directed  radially.  The  umbra  itself  is  not  uniformly  dark  through- 
out, but  is  overlaid  with  filmy  clouds  which  require  a  good  telescope 
and  helioscope  to  make  them  visible.  Usually,  also,  in  the  umbra 
there  are  several  round  and  very  blaok  spots,  which  are  sometimes 
called  "nucleoli,"  but  are  often  referred  to  as  "Dawes'  holes," 
after  the  name  of  their  first  discoverer.  But  while  this  is  the 
appearance  of  what  ma;  be  taken  as  a  normal  spot,  very  few  are 
strictly  normal.  Most  of  them  are  more  or  less  irregular  in  fonn. 
They  are  often  gathered  in  groups  with  a  common  penumbra,  and 
partly  covered  by  brilliant  "bridget"  extending  across  from  the 
outside  photosphere.  Often  the  umbra  is  out  of  the  centre  of  the 
penumbra,  or  has  a  penumbra  only  on  one  side,  and  the  penumbral 


FlO.ST.  —  ANoniutlSaiiSpot.    (SeocU;  modlflsd.) 

filaments,  instead  of  being  strictly  radial,  are  frequently  distorted 
in  every  conceivable  way.  In  fact,  the  normal  spots  form  a  very 
small  proportion  of  the  whole  number. 

The  darkest  portions  of  the  umbra  are  dark  only  by  contrast. 
Photometric  observations  (by  Langley)  show  that  even  the  nucleus 
gives  at  least  one  per  cent  as  much  light  as  a  corresponding  area  of 
the  photosphere ;  that  is  to  say,  as  we  shall  see  hereafter,  the  dark- 
est portion  of  a  sun  spot  is  brighter  than  a  calcium  light. 
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294.  The  spots  are  generally  believed  to  be  d^reatiom  in  the 
photosphere,  filled  with  gases  and  vapors  which  are  cooler  than  the 
surrounding  portions,  and  therefore  absorb  a  considerable  proportion 
of  light.  The  evidence  that  they  are  "hollows"  is  the  change 
in  the  appearance  of  a  spot  as  it  travels  across  the  disc.  According 
to  Wilson  of  Glasgow,  who  first  discoveied  the  fact  (if  it  really  is 
one)  more  than  a  century  ago,  the  umbra  of  a  normal  spot  is  central 
at  the  centre  of  the  disc,  but  as  the  spot  approaches  the  limb  the 
penumbra  becomes  narrower  on  the  inner  edge,  and  vanishes  entirely 
before  the  Spot  disappears  around  the  limb,  —  the  appearance  (Fig» 
98)  being  precisely  such  as  would  be  shown  by  a  saucer-shaped  cav- 
ity in  the  surface  of  a  globe  if  the  bottom  of  the  cavity  were  painted 
black  to  represent  the  umbra,  and  the  sloping  Bides  gray  for  the 
penumbra.  Evidently  observations  upon  any  single  spot  would  be 
iQCOQclnsive,  because  spots  are  extremely  irregular  in  form  and  be- 
havior ;   but  by  observing  several  hundred  the  truth  ought  to  come 


Fia  M.  —  Son  SpOU  *■  CarJUs. 

eut  distinctly,  and  until  recently  astronomers  were  practically  unani- 
mous in  accepting  Wilson's  theory.  Latoly,  however,  some  h^h 
authorities  have  called  it  iu  question;  partly  on  the  evidence  drawn 
from  solar  photographs  and  a  very  extensive  series  of  san-spot 
drawings  by  Mr.  Howlett,  an  observer  of  great  experience,  and 
partly  on  account  of  certain  thermal  observations  referred  to  in 
Art  301*.  The  subject  is  still  under  discussion,  but  it  seems  now 
mostprobable  that  different  spots  lie  at  very  different  levels,  some 
low  down,  depressions  in  the  photosphere,  but  others  at  a  consid- 
erable elevation  above  it. 

295.  The  penumbra  is  usually  composed  of  "  thatch-straws,"  or 
long  drawn-out  granules  of  photospheric  matter,  which,  as  has  been 
said,  converge  in  a  general  way  towards  the  centre  of  the  spot.  At 
the  inner  edge  the  penumbra,  from  the  convergence  of  these  filaments, 
is  usually  brighter  than  the  outer.  The  inner  ends  of  the  filaments 
are  generally  club-formed ;  but  sometimee  they  are  drawn  out  into 
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fine  points,  which  seem  to  ourre  downward  into  the  nmbrft  like 
the  rashes  ovei  a  pool  of  water.  The  outer  edge  of  the  penum- 
bra is  nsually  pretty  definite,  and  the  penumbra  there  ia  darker. 
Around  the  spot  the  photosphere  is  much  disturbed  and  elerated 
into  faculiB,  which  sometimes  radiate  outward  from  the  spot  like 
streams  of  lava  from  a  crater,  though,  of  course,  they  are  really 
nothing  of  the  sort. 

298.  Dimension*  of  Sun  Spots. —  The  diameter  of  the  umbra  of 
a  sun  spot  ranges  all  the  way  from  500  to  1000  miles  in  the  case  of 
a  very  small  one,  to  50000  or  60000  miles  in  the  case  of  the  larger 
ones.  The  penumbra  surrounding  a  group  of  spots  ia  sometimes 
150000  miles  across,  though  that  would  be  rather  an  exeeptional 
size.  Not  infrequently  sun  spots  are  large  enough  to  be  seen  by 
the  naked  eye  through  a  fog  or  with  the  help  of  a  colored  glass. 

The  Chinese  have  many  records  of  such  objects,  but  the  real  dis* 
oorery  of  sun  spots  dates  from  1610,  as  an  immediate  oonsequeoce 
of  Oalileo's  discovery  of  the  telescope. 

S97.  Development  and  Chan^  of  Form. — Generally  the  origin  of 
a  sun  spot  fails  to  be  observed.  It  begins  from  an  insensible  point, 
and  rapidly  grows  larger,  the  penumbra  nsually  appearing  only  aJUr 
the  nucleus  it  fairly  developed. 

If  the  disturbance  which  causes  the  spot  is  violent,  the  spot  usually 
breaks  up  into  several  fragments,  and  these  again  into  others  which 
tend  to  separate  from  each  other.  At  each  new  disturbance  the  for- 
ward portions  of  the  group  show  a  tendency  to  advance  eastward  on 
the  sun's  surface,  leaving  behind  them  a  trail  of  smaller  spots. 

898.  The  •' segmentation"  of  a  spot,  as  Faye  calls  it,  is  usually  effected 
by  the  fonnatioii  of  a  "bridge,"  or  streak  of  brilliant  light,  nhich  projeota 
iteelf  across  the  penumbra  and  umbra  from  the  outside  photosphere.  These 
bridges  are  mere  ext«nsions  of  the  aiurounding  faculs,  and  are  often  inteosely 

OccssioDolly  a  spot  shows  a  distinct  oyolonic  motion,  the  filaments  being 
drawn  inward  spirally ;  and  in  different  members  of  the  same  group  of  spots 
the  cyclonic  motions  are  not  seldom  in  opposite  directions. 

Wlien  a  spot  at  last  vanishes  it  is  usually  by  the  rapid  encroachment  of 
the  photospheric  matter,  which,  as  SeccM  expresses  it,  appears  to  "fall  pell- 
mell  into  the  cavity,"  completely  burying  it  and  leaving  its  place  covered 
by  a  group  of  facnhe.  F^s.  99-104  (see  page  201)  show  the  changes  which 
took  place  in  the  great  spot  of  September,  1870.  They  are  from  photographs 
by  iii.  Rutherf urd  of  New  York,  and  are  borrowed  from  "  The  New  Astron- 
omy "  of  Professor  Langley,  through  the  courtesy  of  his  publishers. 
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899.  Spots  within  15"  or  20"  of  the  bud's  equator  geoerally,  oa 
the  whole,  drift  a  little  towards  it,  while  tboae  in  higher  latitudes 
dnft  away  from  it;  but  the  moUoa  is  slight,  and  exceptions  are  fre- 
quent. 

In  and  around  the  spot  itself  the  motiou  is  usually  intaard  totBord* 
the  centre,  and  doumtoard  at  the  centre.  Not  inft'equeatly  the  frag- 
ments at  the  inner  end  of  the  penumbnil  fllaments  appear  to  draw 
off,  move  towards  the  centre  of  the  spot,  and  then  descend.  Occa- 
sionally, though  seldom,  the  motion  is  vigorous  enough  to  be  dctectt^d 
by  the  displacement  of  lines  in  the  spectrum. 

300.  Suration.  — The  duration  of  tlie  spots  is  very  various,  but, 
astronomically  speaking,  they  sre  always  short-lived  phenomena, 
sometimes  lasting  for  only  a  few  days,  more  fi-equeutly,  perhaps,  for 
a  month  or  two.  In  a  single  instance,  a  spot  has  been  observed 
through  as  many  as  eighteeu  successive  revolutions  of  ttie  bud. 

301.  Siitribatioil.  —  It  is  a  significant  fact  that  the  spots  are  con- 
fined mostly  to  two  zones  of  the  sun's  surface  between  5"  and  40°  of 
latitude  north  and  south.    A  few  are  found  near  the  equator,  none 


Flo.  IDS.— Dlilrlbutlon  of  Bud  SpoU  io  Lultnite. 


beyond  the  latitude  of  45°.     Fig.  106  shows  the  distribution  of  sev- 
eral thousand  upots  as  observed  by  Carrington  and  Sparer. 

Occasionally,  what  Trouvelot  calls  "veiled  spots"  are  seen  beyond 
the  45"  limits  —  gmyish  patches  surrounded  by  faculie,  which  look  as 
if  a  dark  mass  were  submerged  below  the  surface  and  dimly  seen 
through  a  semi-transparent  medium. 
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FlO.  M.— Sept  19;  Tia.  IDO.  — SeptZO 


FiQ.  101.  —  SspL  21.  Ffo.  1>3.  —  Sept.  22. 


FlO.  103.  — S«pc  23.  rio.  104.— Sapt  2<L 

Tba  OreM  Sun  Spot  of  18TD. 
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Ml'.  Badiation  and  Tempaiatnn  of  Son  SpoU.  —  Thermopile  ob~ 
Bervations  upon  sua  spote,  first  made  in  1845  by  Henry,  and  since 
then  b;  numerous  other  observeTs,  show  that  as  the  spots  are  darker, 
so  also  they  radiate  less  heat  than  other  portions  of  the  solar  sur- 
face. But  while  the  umbra  of  a  spot  generally  emits  less  than  one 
per  cent  as  much  light,  it  ordinarily  radiates  nearly  fijiy  ptr  cent  as 
much  heat  as  an  equal  area  of  the  neighboring  photosphere,  and  if 
the  spot  is  near  the  edge  of  the  disc  the  percentage  rises  much  higher ; 
indeed,  Langley  and  Frost  have  met  with  cases  where  the  radiation 
of  a  spot  has  appeared  actually  to  exceed  that  of  the  brighter  regions 
surrounding  it,  —  an  important  and  rather  perplexing  obserratioo. 

It  has  generally  beeu  inferred  hitherto  that  the  lower  heat  radia- 
tion of  a  sun  spot  indicates  a  lower  temperature  than  that  of  the 
surrounding  photosphere,  but  this  does  not  necessarily  follow.  Two 
masses  in  contact  and  at  the  same  temperature,  Intt  of  different  eon- 
etUution,  may  differ  widely  both  in  luminosity  and  in  their  radiating 
power  for  the  invisible  rays ;  for  instance,  the  mantle  and  the  gas- 
flame  of  a  Welshacb  burner.  At  present  it  is  perhaps  still  uncertain 
whether  the  spots  are  cooler  or  warmer  than  the  photospheric 
"  mantle." 

308.  ThtoriM  u  to  the  Vstiire  Qf  the  Bpotc  —  We  first  mention 
(o)  the  theory  of  Sir  William  Herschel,  because  it  still  finds  place 
in  certain  text-books,  though  certainly  incorrect.  His  belief  was 
that  the  spots  were  openings  through  two  luminous  strata,  which  he 
supposed  to  surround  the  central  globe  of  the  sun.  This  globe  he 
supposed  to  be  dark  (and  even  habitable  /).  The  outer  stratum,  the 
photosphere,  was  the  brighter  of  the  two,  and  the  opening  in  it  the 
Urger,  while  the  inner  shell  between  it  and  the  solid  globe  was  of 
less  luminous  substance,  and  formed  the  penumbra.  He  thought  the 
opening  through  these  might  be  caused  by  volcanoes  on  the  globe 
beneath. 

303.  (b)  Another  theory,  now  generally  abandoned,  but  recently 
endorsed  by  Proctor  in  his  "  Old  and  Ifew  Astronomy,"  was  pro- 
posed independently  both  by  Secchi  and  Faye  about  1868.  .  ITiey 
supposed  that  the  spots  were  openings  in  the  photosphere  caused 
by  the  bursting  outward  of  the  imprisoned  gases  underneath  it. 

They  explained  the  darkness  of  the  centre  of  the  spot  by  the  fact  that  a 
heated  gas  at  a  given  temperature  has  a  lower  radiating  power  and  Beads 
out  much  less  light  than  a  liquid  gurface,  or  than  clouds  formed  by  the  con- 
densation of  the  same  material  at  even  a  loner  temperatura.     This  is  true 
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of  gases  at  low  preBsure,  but  not  of  gases  under  great  compKseion,  such  as 
moat  be  the  case  within  the  bod;  of  the  sun.  Besides,  if  the  gases  possessed 
the  small  radiating  power  neceSBar;  to  thie  theorj,  they  would  also  poaseea 
small  abtorbiaff  power,  and  therefore  would  be  transpareDt ;  the  inner  side  of 
the  photosphere  on  the  opposite  side  of  the  sun  would  therefore  be  visible 
through  the  opening,  so  that  the  centre  of  such  an  eruption  would  not  be 
dark,  but,  if  anything,  brighter  than  the  general  solai  surface.  MoreoTer, 
as  we  now  know  from  the  spectroscopic  evidence,  the  motion  at  the  centre 
of  a  spot  is  osually  intpard,  not  outward. 

804.  (c)  Faye  more  rec«ntly  has  proposed  and  now  maintains  a 
theory  which  has  numerous  good  points  about  it,  and  is  accepted  by 
many ;  viz.,  that  the  spots  are  analogous  to  storms  on  the  earth,  being 
e;/cloTtes,  due  to  the  fact  that  the  portions  of  the  sun's  surface  near 
the  equator  make  their  revolution  in  a  shorter  time  than  those  in 
higher  latitudes.  This  causes  a  relative  drift  in  adjacent  portions 
of  the  photosphere,  and  according  to  him  gives  rise  to  vortices  or 
whirlpools  like  those  in  swiftly  running  water.  The  theory  explains 
the  distribution  of  the  spots  (which  abound  preciaely  in  the  regions 
where  this  relative  drift  is  at  the  maximum)  and  many  other  facts, 
such  as  their  "  segmentation."  According  to  it,  however,  all  spots 
should  be  cyclonic,  and  the  spiral  motion  of  all  the  spots  in  the 
southern  hemisphere  should  be  eloek-wise,  while  in  the  northern 
hemisphere  they  should  be  courUer-clock'wise.  J!fow,  as  a  matter  of 
fact,  only  a  very  few  of  the  spots  show  such  spiral  motions,  and 
there  is  no  such  agreement  in  the  general  direction  of  the  motion 
as  the  theory  requires. 

Faye  attempts  to  account  for  this  by  saying  that  we  do  not  see  the  vortex 
itself,  but  only  the  cloud  of  cooler  materials  which  is  drawn  together  by  the 
down-rushing  vortex,  itself  bidden  beneath  this  cloud.  Still,  it  would  seem 
that  in  such  a  case  the  cloud  itself  should  gyrate.  Moreover,  the  relativ« 
diift  of  the  adjacent  portions  of  the  photosphere  is  too  small  to  account  for 
the  phenomena  satisfactorily.  In  the  solar  latitude  of  90°  two  points  sepa> 
ratedby  1' of  the  sun's  surface  (123  mUes)  have  a  relative  daily  drift  of  only 
about  four  and  one^izth  miles,  insufficient  to  produce  any  sensible  whirling. 

300.  (d)  Secchi's  later  theory.  He  supposed  the  spots  to  be  due 
to  eruptions  from  the  inner  portions  of  the  sun's  surface,  not  in  the 
spot,  however,  but  only  near  it ;  the  spot  itself  being  formed  by  the 
settliDg  down  upon  the  photosphere  of  materials  thrown  out  by 
the  eruption  and  cooled  by  their  expansion  and  their  motion  through 
the  upper  regions.     We  have,  however,  in  fact,  as  a  usual  thing, 
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not  a  single  eruption,  but  a  ling  of  eruptioDs  all  around  every  large 
Bpot,  all  of  them  converging  their  bombardment,  bo  to  apeak,  upon 
the  same  centre,  —  a  fact  very  difficult  to  explain  if  the  spot  origi- 
nates in  the  eruption,  but  not  difficult  to  understand  if  the  eruptions 
are  the  result  of  the  spot. 

Fossjbl;  the  true  explanation  may  be  that  when  an  eruption  occurs 
at  any  point,  the  photosphere  somewhere  in  the  neigliborhood  tettlet 
down  in  eonsequenee  of  the  diminution  of  the  pressure  beneath,  thus 
forming  a  "sink"  so  to  speak,  which  is  of  course  covered  by  a  greater 
depth  of  absorbing  vapors  above,  and  so  looks  dark. 

306.  (e)  Mr.  Lockyer,  in  his  recent  work  on  the  "Chemistry  of 
the  Sun,"  revives  an  old  theory,  first  suggested  by  Sir  John  Herschel 
and  accepted  by  the  late  Professor  Feirce,  that  the  spots  are  not 
formed  by  any  action  from  within,  but  by  cool  matter  descending  fiom 
above,  —  matter  very  likely  of  meteoric  origin ;  but  it  is,  difficult  to 
Bee  how  the  distribution  of  the  spots  with  reference  to  the  sun's 
equator  can  be  accounted  for  in  this  way. 

Schaeberle,  of  the  Lick  Observatory,  accounts  for  them  in  a  somewhat 
similar  manner,  but  conaidera  that  the  descending  streams  consist  of  matter 
returning  to  the  sun  after  having  been  projecl«d  from  it  by  some  repulsive 
force  to  distances  of  hundreds  of  millions  of  miles.     See  Art.  331. 

306".  (/)  The  newest  theory  of  those  that  deserve  any  considera- 
tion is  one  proposed  by  E.  Oppolzer,  of  Vienna,  in  1893,  and  is  based 
largely  on  the  recent  researches  of  meteorologists  upon  the  thermal 
effects  of  vertical  currents  in  our  own  atmosphere.  Such  currents 
are  supposed  to  rise  periodically  from  the  polar  regions  of  the  sun, 
to  drift  slowly  toward  its  equator,  and  to  descend  in  the  spot-zones, 
becoming  heated  and  "dried"  in  their  descent,  thus  forming  in  the 
photosphere  hollows  which  are  filled  with  metallic  vapors  in  a  purely 
gaseous  condition.  According  to  this  theory,  the  temperature  of  a 
spot  is  higher  than  that  of  the  surrounding  medium.  In  many  ways 
the  theory  corresponds  admirably  with  facta,  explaining  better  than 
any  other  the  peculiar  character  of  the  sun-spot  spectrum  (Art.  331), 
Spoerer's  law  of  sun-spot  latitudes  (Art.  307"),  and  the  otherwise 
pnzzling  observations  of  Langley  and  Frost  referred  to  in  Art. 
301*.  But  the  "periodical  polar  streams"  remain  themselves  to  be 
accounted  for. 

On  the  whole,  it  is  impossible  to  say  that  the  problem  of  the  origin 
of  sun  spots  is  yet  satisfactorily  solved.     There  is  no  question  that 
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STiD  spots  are  closely  associated  with  eruptions  from  beneath;  but 
which  is  cause  and  which  effect,  or  whether  both  are  due  to  some 
external  action,  remains  undetermined. 

807.    Periodicity  of  Sun  Spoti.  —  In  1843  Scbwabe,  of  Dessau,  by 

the  comparison  of  an  extensive  series  of  observations  muDing  over 
nearly  thirty  years,  showed  that  the  sun  spots  are  periodic,  being  at 
times  vastly  more  numerous  than  at  others,  with  a  roughly  regular 
recurrence  every  ten  or  eleven  years.  This  had  been  surmised 
by   Horrebow   more   than  a   century   before,  though  uot  proved. 


Tia.  106.  — Wolfe  Snn-apot  Number*. 

Subsequent  study  fully  confirms  this  remarkable  result  of  Schwabe. 
Wolf  of  Zilrich  has  collected  all  the  observations  discoverable  and 
finds  a  pretty  complete  record  back  to  1610.  From  these  records  is 
constructed  the  annexed  diagram.  Fig.  106.  The  ordinates  of  the 
curve  represent  what  Wolf  calls  his  "relative  numbers,'"  which  he 
has  adopted  as  representing  the  spottedness. 

1  This  '*  rel&tive  number  "  is  formed  in  rather  an  arbitrary  msJiner  from  the 
observations  which  Wolf  hunted  up  as  the  basis  of  his  investigatiou.  The 
lormula  is,  r  (the  relative  value)  =  k  (\0  g  +■  f),  in  which  g  is  the  number 
if  groups  and  isolated  spots  nbsevved,/  the  total  number  of  apols  which  can 
be  count«il  in  these  groups  and  singly,  wliile  t  is  a  coetBcienl  which  depends 
opon  the  observer  and  the  size  of  his  telescope  ;  it  is  large  for  a  small  telescope 
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The  average  period  is  eleven  and  one-tenth  years,  but,  as  the  figure 
shows,  the  spot  maxima  are  quite  irregular,  both  iu  time  and  extent 
The  last  two  maxima  occurred  in  1893  and  in  1905.  Both  were 
comparatively  feeble;  84  and  64  respectively  on  scale  of  Fig.  106. 
During  a  maximum  the  surface  of  the  sun  is  never  free  from  spots, 
from  twenty-five  to  fifty  being  frequently  visible  at  once.  During 
a  minimum,  on  the  other  hand,  weeks  often  pass  without  the  appear- 
ance of  a  single  one. 

807".    Spoerer't  Lav  ol  Svn-ipot  Latitndes Still  another  fact,  u 

yet  unexplained,  and  probably  of  great  theoretical  importance,  has  recently 
been  brought  out  by  Spoerer.  Speaking  broadly,  the  disturbance  which 
produces  tbe  spots  of  a  given  sun-spot  period  first  manifests  itself  in  two 
belts  about  30°  north  and  south  of  the  sun's  equator.  These  belts  then 
draw  in  toward  the  equator,  and  the  sun-spot  maximum  occurs  when  their 
latitude  is  about  16°  ;  while  tbe  disturbance  gradually  and  finally  dies  out 
at  a  latitude  of  8°  or  10°,  some  twelve  or  fourteen  years  after  ita  first  out- 
break. Two  ojr  three  years  before  this  disappearance,  however,  two  new 
zones  of  disturbance  show  themselves.  Thus,  at  the  sun-spot  minimum  there 
are  four  well-marked  spot^belts ;  two  near  the  equator,  due  to  the  expiring 
disturbance,  and  two  in  high  latitudes,  due  to  the  newly  beginning  outbreak ; 
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and  it  appears  that  the  true  sun-spot  cycle  ia  from  twelve  to  fourteen  years 
long,  each  beginning  in  high  latitudes  before  the  preceding  one  has  expired 
near  the  equator. 

Fig,  108"  illustrates  this,  embodying  Spoerer's  results  from  1855  until 
1880.  The  dotted  curves  show  Wolf's  sun-spot  cun-e  for  that  period,  the 
vertical  column  at  the  right  of  the  figure,  marked  W  at  the  top,  giTinR 
Wolfs  "relative  numbera."  The  two  continuous  curves,  on  the  other  hand, 
give  the  solar  latitudes  of  the  two  series  of  spots  that  invaded  the  sun's  sur- 

and  not  very  persistent  observer,  and  approaches  unity  in  proportion  to  Qie  prob- 
able raiio  between  the  actual  total  number  of  visible  spots  and  tbe  number  whicli 
tbe  obaerver  hss  recorded. 
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face  in  those  years,  the  scale  of  talilvdes  being  on  the  left  haud.  The  first 
series  began  in  185S  ftnd  ended  in  1866  ;  the  second  broke  out  in  1866  and 
lasted  until  1880. 

308.  Pouible  Canu  of  the  F«riodioity.  —  The  cause  of  sun-spot 

periodic!^  is  not  yet  known.  Attempts  have  been  made  to  account  for  it 
by  planetary  influences,  but  with  very  doubtful  success.  Sir  John  Herschel 
suggested  meteoric  BwarniB  moving  in  oval  orbits  with  an  eleven-year  period, 
and  with  a  perihelion  distance  so  small  that  many  of  the  meteora  strike  the 
siid'b  surface  when  passing  perihelion  ;  an  idea  still  favored  by  Lockyer  and 
some  other  authorities.  Probably,  however,  the  moat  general  impression  is 
that  this  rather  irregular  periodicity  is  mora  likely  to  be  due  not  to  external 
causes  at  all,  but  to  something  in  the  constitution  of  the  photosphere  and 
the  rate  at  which  the  sun  is  losing  heat :  a  gathering  of  deep-lying  forces 
during  a  period  of  outward  quiescence,  followed  by  an  outburst  which  relieves 
the  int^nal  strain. 

309.  TeriMtrial  Inflnenee  of  the  San  Spoti.  —  One  correlation 

of  sun  spots  with  the  earth  ia  perfectly  demonstrated.  When  the 
spots  are  numerous,  magnetic  disturbances  (the  so-called  magnetic 
storms)  are  most  numerous  and  violent  upon  the  earth,  a  fact  not  to 
be  wondered  at  since  violent  disturbances  upon  the  sun's  surface 
^have  been  in  many  individual  cases  immediately  followed  by  mag- 
netic storms,  with  a  brilliant  exhibition  of  the  Aurora  Borealis. 
The  nature  and  mechanism  of  the  connection  is  as  yet  unknown,  but 
of  the  fact  there  can  be  no  question.  The  dotted  lines  in  the  ^ure 
of  the  sun-spot  periodicity  (Fig.  106)  represent  the  magnetic  stormi- 
ness  of  the  earth  at  tiie  indicated  dates ;  and  the  correspondence 
between  these  curves  and  the  curve  of  spotteduess  makes  it  impos- 
sible to  doubt  the  connection. 

810.  It  has  been  attempted,  also,  to  show  that  greater  or  less 
disturbance  of  the  sun's  surface,  as  indicated  by  the  greater  fre- 
quency of  the  sun's  spots,  is  accompanied  by  effects  upon  the  mete- 
ofoi^gy  of  the  earth,  upon  its  temperature,  barometric  pressure, 
storminess,  and  the  amount  of  rainfall.  The  researches  of  Mr,  Mel- 
dmm  of  Mauritius  with  respect  to  the  cyclones  in  the  Indian  Ocean 
appear  to  bear  out  the  concluaion  that  there  may  be  some  such  con- 
nection in  that  case,  hut  the  general  results  are  by  no  means  decisive. 
In  some  parts  of  the  earth  the  rainfall  seams  to  be  greater  during  a 
spot  maximum ;  in  others,  less. 

As  to  the  temperature,  it  is  still  uncertain  whether  it  is  higher  or 
lover  at  the  time  of  a  spot  maximum.     The  spots  usualli/  give  less  heat 
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(as  Henry,  Seochi,  aod  Laugley  have  shown)  than  the  general  anr- 
face  of  the  photosphere ;  but  their  extent  is  never  sufficient  to  ndnce 
the  amount  of  heat  radiated  from  the  sun  by  as  much  as  y^j^  part. 
Ou  the  other  hand,  when  the  spots  ate  most  numerous,  the  generally 
disturbed  coudition  of  the  photosphere  would,  as  Langley  has  shown, 
necessarily  be  accompanied  by  an  increased  radiation. 

Dr.  Gould  Gossiders  that  the  meteorological  records  in  the  Argen- 
tine Republic  between  1875  and  1886  show  an  indubitable  connection 
between  the  wind  currents  and  the  number  of  sun  spots.  But  the 
demonstration  of  such  a  relation  really  requires  obserrations  running 
through  several  spot  periods.  On  the  whole,  it  is  now  quite  certain 
that  whatever  influence  the  sun  spots  exert  upon  terrestrial  mete- 
orology is  very  slight,  if  it  exists  at  all. 

310*.  Potiible  Explanation  of  the  Sun's  Si^uBtorial  Aoovleration. 
—  Recent  investigations  by  Wilsing  have  led  bim  to  the  conclusion  that  the 
peculiar  and  perplexing  equatorial  acceleration  of  the  sun  depends  upon  Jta 
being  in  a  Cratuiiional  couditioa  between  a  nebula  and  a  solidified  globe. 
It  is  tending  towards  a  rotation  uniform  throi^hont,  and  will  ultimately 
leach  that  state  when  the  relative  motions  of  different  portions  of  its  mass 
have  been  destroyed,  as  they  will  be,  by  internal  friction.  Probably  they 
have  already  practically  disappeared  in  the  sun's  interior,  though  stjll  per- 
sisting at  and  near  ita  surface.  They  die  out  So  slowly,  however,  that  it 
must  require  thousands,  if  not  millions,  of  years  to  make  them  vanish  en- 
tirely, and  through  any  short  period  of  a  century  or  two  they  appear  to  us  as 
permanent.  Their  explanation  lies,  therefore,  not  in  Ihepraenl  constitution 
of  the  sun,  but  in  ita  paxt  history. 

This  view  is  substantially  confirmed  by  an  elaborate  mathematical  investi- 
gation by  Professor  Sampson  of  Durham  University,  published,  in  the  last 
(olst)  volume  of  the  Memoirs  of  the  Royal  Astronomical  Society.  Both 
writers  concur  in  the  conclusion  that  the  present  laws  of  surfaee  drift  npon 
the  sun,  as  shown  by  the  observations  of  Carrington,  Dunfir,  and  others, 
are  not  only  possible,  but  extremely  probable  (though  only  temporary)  con- 
sequences of  the  sun's  slow  condensation  from  a  nebulous  mass. 

Still  more  recently  (19U1),  however,  Emdcn  of  Munich  has  attempted  to 
siiow  that  the  acceleration  may  be  mathematically  explained  as  a  necessary 
consequence  of  physical  laws  applicable  to  a  g»Beoua  globe  rotating  and 
losing  heat  by  radiation  from  its  surface.  The  question  can  haidly  be  con- 
sidered as  finally  settled  even  yet. 
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CHAPTER   IX. 

THE  8PECTB08COPZ  AND   THE  SOLAR   SPKCTRDM.  —  CHEMICAL 

ELEMENTS    PRESENT    IN    THE    SUN.  THE    SUN-SPOT    8PEC- 

TEtTM.  DOPPLER'S   PEINCIPLB THE   CHROUOSFHERE.  — 

THE   SOLAS   PROMINENCES.  —  THE  CORONA. 

911.  Abovt  1860  the  spectroscope  appeared  in  the  field  as  a  new 
and  powerful  instrument  of  astronomical  research,  at  once  resolving 
many  problems  as  to  the  nature  and  constitution  of  the  heavenly 
bodies  which  before  had  not  seemed  to  be  even  open  to  investigation. 
It  is  hardly  estravi^ant  to  say  that  its  invention  has  done  for 
astronomy  almost  as  much  as  the  invention  of  the  telescope.  The 
latter  brings  distant  objects  optically  nearer  and  enables  us  to 
determine  their  positions  in  the  heavens  with  an  accuracy  before 
impossible,  and,  in  the  case  of  the  sun,  moon,  and  planets,  to  study 
their  forms  and  surface  markings.  It  reveals  also  millions  of  stars 
and  nebulfe  otherwise  invisible. 

The  spectroscope,  on  the  other  hand,  enables  us  to  study  the  light 
itself,  and  to  read  in  it  a  record,  more  or  less  complete,  of  the 
chemical  constitution  and  physical  condition  of  the  body  from 
which  the  light  proceeds,  and  to  measure  the  rate  of  its  motion 
towards  or  from  ws. 

The  essential  part  of  the  apparatus  is  either  a  prism  or  train  of 
prisms,  or  else  a  diifraction  grating,'  which  is  capable  of  performing 
the  same  office  of  dispersing  —  that  is,  of  spreading  and  sending  in 
different  directions  —  the  light  rays  of  different  wave-lengths.  If, 
with  such  a  "  dispersion  piece,"  as  it  may  be  called  (either  prism  or 
grating),  one  looks  at  a  distant  point  of  light,  as  a  star,  he  will  see 
instead  of  a  point  a  long  streak  of  light,  red  at  one  end  and  violet 
at  the  other.  If  the  object  looked  at  be  not  a  point,  but  a  titie  of 
tight  parallel  to  the  edge  of  the  prism  or  to  the  lines  of  the  grating, 
then,  instead  of  a  mere  colored  streak  witliout  width,  one  gets  a 

'The  grsting  is  merelj'  a  piece  of  gla«s  or  speculum  metal,  ruled  with  many 
IhoDsuid  Btr^ght,  equidistant  lines,  from  5000  to  20000  in  the  inch.  Usually 
the  BDrface  before  ruling  is  accurately  plane,  but  for  some  purposes  the  eoneaee 
KntfngB,  originated  by  Professor  Rowland,  are  preferable. 
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plectrum,  a  colored  band  of  light,  which  may  show  maikings  that 
will  give  the  observer  most  valuable  information.  (Physics,  pp.  414, 
460-461.)  For  convenience  Bake  it  is  usual  to  form  this  line  of 
light  by  admitting  the  light  through  a  narrow  "alit,"  which  is  at 
one  end  of  a  tube  having  at  the  other  end  an  achromatic  object-glass 
at  such  a  distance  that  the  slit  is  in  its  principal  focus.  This  tube 
with  slit  and  lens  constitutes  the  '  coUtmator,"  so  called  because  it 
is  precisely  the  same  as  the  instrument  used  in  connection  with  the 
transit  instrument  to  adjust  its  line  of  collimation  (Art.  60). 

Instead  of  looking  at  the  spectrum  with  the  naked  eye,  however, 
it  is  better  in  most  cases  to  use  a.  small  telescope ;  called  the  "vtevt- 
telescope,"  to  distinguish  it  from  the  large  telescope,  to  which  the 
spectroscope  is  often  attached 


Prtmn^ectroscope 
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EUnclr  Viatorr  Bpeetrntcope 
Fia.  107.  —  Dlffereot  Form*  of  Spectroscope. 


31S.  Conitrnotion  of  the  Speetroacope.  —  The  instrument,  there- 
fore, as  usually  constructed,  and  shown  in  Fig.  107,  consists  of  three 
parts,  —  collimator,  dispersion-piece,  and  view-telescope ;  but  in  the 
direct-vision  spectroscope,  shown  in  the  figure,  the  view-telescope  is 
omitted.  If  the  slit,  S,  be  illuminated  by  strictly  homogeneous 
light  all  of  one  wave-length,  say  yellow,  the  "real  image"  of  the 
slit  will  be  found  at  Y.  If  at  the  same  time  light  of  a  different 
wave-length  be  also  admitted,  say  red,  a  second  image  will  be  formed 
at  M,  and  the  observer  will  see  a  spectrum  with  two  "bright  lines," 


D.gitizect.yG00glc 


THE  8PBCTB0SC0PB.  211 

the  lilies  being  really  nothing  more  than  image*  of  the  slit.  If  light 
from  a  candle  be  admitted,  there  will  be  an  infinite  number  of  these 
slit-images,  close  packed,  like  the  pickets  in  a  fence,  without  inter- 
val or  break,  and  we  then  get  a  "continuous"  spectrum.  If  we 
look  at  the  light  emitted  by  a  so-called  Geiasler-tube,  containing 
rarefied  gas  made  luminous  by  an  electric  dischaige,  or  that  from 
an  electric  spark  between  two  metallic  balls,  we  shall  get  a  "dis- 
eoniinuous"  spectrum  composed  of  numerous  distinct  bright  lines 
of  different  color  npon  a  dark  background. 

The  spectrum  of  sunlight  (either  direct  or  reflected)  is,  on  the  con- 
trary, characterized  by  a  multitude  of  dark  lines  crossing  a  brilliant 
background  of  continuous  spectrum  —  as  if  some  of  the  '  fence  pick- 
ets '  had  been  destroyed,  leaving  gaps.  I^hese  dark  lines  of  the  solar 
spectrum  are  known  as  the  "Fraunhofer  lines," because firststndied 
and  mapped  by  him  in  1814,  though  some  of  them  had  been  noticed 
by  WoUaston  in  1801. 

313.  Int^rating  and  Aaalycing  8poctrouop«.  —  If  we  simply 
direct  the  collimator  of  a  spectroscope  towards  a  distant  luminous 
object,  every  part  of  the  slit  receives  liglit  from  every  part  of  the 
object,  BO  that  in  this  case  every  elementary  streak  of  the  spectrum 
ia  a  spectrum  of  the  entire  body,  without  distinction  of  parts.  A. 
spectroscope  used  in  this  way  is  said  to  be  an  iniegrating  instrument. 

If,  however,  we  interpose  a  lens  (the  object-glass  of  a  telescope) 
between  the  luminous  object  and  the  slit,  so  as  to  have  in  the  plane 
of  the  slit  a  distinct,  real  image  of  the  object,  then  the  top  of  the 
slit,  for  instance,  will  be  illuminated  wholly  by  light  from  one  part 
of  the  object,  the  middle  of  it  by  light  from  another  point,  and  the 
bottom  by  light  from  still  a  tliird.  The  spectrum  formed  by  the 
top  of  the  slit  belongs,  then,  to  the  light  from  that  particular  point 
of  the  object  whose  image  falls  upon  that  part  of  the  slit ;  and  so  of 
the  rest.  We  thus  separate  the  spectra  of  the  different  parts  of  the 
object,  and  so  optically  analyze  it.  An  instrument  thus  used  is 
spoken  of  as  an  "analyzing  spectroscope"  The  combined  instrument 
fbrmed  by  attaching  a  spectroscope  to  a  large  telescope  for  the 
spectroscopic  observation  of  the  heavenly  bodies  has  been  called  by 
Mr.  Lockyer'  a  "telespectroscope." 

For  solar  purposes  a  grating  spectroscope  is  generally  better  than 
a  prismatic,  being  less  complicated  and  more  compact  for  a  given 
power. 

1  Now  Sir  Norman  Locbyer. 
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Fig.  108  represents  the  lai^e  grating  spectroscope  of  the  Halsted 
Observatory,  aa  arranged  for  photography.  It  can  be  ased  visually 
also  by  substituting  an  ordinary  view- telescope  for  the  photographic 
tube. 
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814.  PiinoiplM  upon  which  Speotnun  AsftlyilB  Sependi. — These, 
substantially  as  announced  by  Kirchhoff  in  185S,  but  with  some 
later  modifications,  are  the  three  following  :  — 

1.  A  cffiUinuoui  gpectTTim  is  given  by  every  incandescent  body, 
the  molecules  of  which  so  interfere  with  each  other  as  to  prevent 
theii  free,  independent,  luminous  vihration;  that  is,  by  bodies  which 
are  either  solid  or  li^id,  or,  if  gaseous,  are  under  high  pressure. 

2.  The  speetmm  of  a  gaseous  element,  under  low  pressure,  is  dis- 
continuous, ihade  up  of  bright  line*,  often  hundreds  in  number,  and 
these  line?  are  characteristic ;  that  is,  the  same  substance  under 
similar  coliditions  always  gives  the  same  set  of  lines,  and  generally 
does  so  even  under  widely  difFerent  conditions. 

3.  A  gaseous  substance  absmis  from  white  light  passing  through 
it  precisely  those  rays  of  which  its  own  spectrum  consists.  The  spec- 
trum of  white  light  which  has  been  transmitted  through  It  then 
exhibits  a  "reversed"  spectrum  of  the  gas;  that  is,  one  which  shows 
dack  lines  instead  of  the  characteristic  bright  lines. 


Fla.  ICS.  —  Bererul  of  the  Speotram. 

Fig.  109  illustrates  this  principle.  Suppose  that  in  front  of  the 
slit  of  the  spectroscope  we  place  a  spirit  lamp  with  a  little  carbonate 
of  soda  and  some  salt  of  thallium  upon  the  wick.  We  shall  then 
get  a  spectrum  showing  the  two  yellow  lines  of  sodium  and  the  green 
line  of  thallium,  bright.  If  now  the  lime-light  be  started  right  behind 
the  lamp  flame,  we  shall  at  once  get  the  eSect  shown  in  the  lower 
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figure,  —  a  continuous  spectrum  crossed  by  black  lines'  just  where 
the  bright  lines  were  before.  Insert  a  screen  between  the  lamp 
flame  and  the  lime,  and  the  dark  lines  instantly  show  bright  again. 
This  experiment  at  once  suggests  the  explanation  of  the  solar 
spectrum.  Its  bright  continuous  background  is  due  to  the  photo- 
spheric  clouds  which  act  the  part  of  the  lime-cylinder  in  the  experi- 
ment, and  the  dark  lines  are  produced  by  the  absorbing  action  of 
gases  and  vapors  which  lie  between  us  and  the  photosphere.  Some 
of  the  lines,  called  "telluric  lines,"  are  produced  in  our  own  atmos- 
phere, but  most  of  them  originate  close  to  the  solar  surface,  as  we 
shall  see.     (Art.  319.) 

31fi.    Chemical  Conitituents  of  the  Sun.  —  By  taking  advantage  of 
these  principles  we  can  detect  the  presence  of  a  la^e  number  of  well- 
known  terrestrial  elements  in  the 
sun.      The    solar    spectrum    is 
crossed  by  dark    lines,  which, 
'  with  an  instrument  of  high  dis- 
persion,  number   several   thou- 
sand, and  by  proper  arrangements 
it  is  possible  to  identify  among 
these  lines  many  which  are  due 
Pio.  110.  —  The  Compariion  Prtmn.  to  the  prcsencc  in  the  sun's  lower 

atmosphere  of  known  terrestrial 
elements  in  the  state  of  vapor.  To  effect  the  comparison  necessary 
for  this  purpose,  the  spectroscope  must  be  so  arranged  that  the 
observer  can  have  before  him,  side  by  side,  the  spectrum  of  sunlight 
and  that  of  the  substance  to  be  tested.  In  order  to  do  this,  half  of 
the  slit  is  fitted  with  a  little  "comparison  prism,"  so  called  (Fig.  110), 
which  reflects  into  it  the  light  from  the  sun,  while  the  other  half  of 
the  slit  receives  directly  the  light  of  some  flame  or  electric  spark. 
On  looking  into  the  eye-piece  of  the  spectroscope,  the  observer  will 
then  see  a  spectrum,  the  lower  half  of  which,  for  instance,  is  made 
by  sunlight,  while  the  upper  half  is  made  by  light  coming  from  an 
electric  aTc  or  spark  containing  the  vapor  of  the  metal  —  iron,  for 
instance. 

Photography  may  also  be  most  effectively  used  in  these  com- 
parisons instead  of  the  eye.     Fig.  Ill  is  a  rather  unsatisfactory 

■Tbeir  darkness  is  relative  only;  the  "black"  linee  are  actually  a  little 
brighter  than  before,  but  the  background  becomes  BO  brilllaat  thai  thej  appear 
dark  by  contrast. 
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reproduction,  on  a  reduced  scale,  of  a  negative  recently  made  by 
Professor  Trowbridge  at  Cambridge.  The  lower  half  is  the  violet 
portion  of  the  spectrum  of  the  sun,  and  the  upper  half  that  of  the 
vapor  of  iron  in  an  electric  arc.  The  reader  can  see  for  himself 
with  what  absolute  certainty  such  a  photograph  indicates  the  pres- 
ence of  iron  in  the  solar  atmosphere.  A  few  of  the  lines  in  the 
photograph  which  do  not  show  corresponding  lines  in  the  solar 
spectrum  are  due  to  other  elements,  partly  impurities  in  the  carbons 
oi  the  electric  arc. 


316.  Elementa  thus  far  Detected  in  the  Sun.  —  As  the  result  of 
such  comparisons  Rowland  in  1890  gave  the  following  list  of  36 
elements  whose  presence  in  the  sun  be  regarded  as  certainly  estab- 
lished, and  it  is  probable  that  a  few  more  will  ultimately  be  added. 
The  elements  are  arranged  according  to  the  intensity  of  the  dark 
lines  by  which  they  are  represented  in  the  aolar  spectrum,  while  the 
appended  figures  denote  the  rank  which  each  would  hold  if  the 
arrangement  had  been  based  on  the  number  instead  of  the  intensity 
of  the  lines.     In  the  case  of  iron  the  number  exceeds  2000. 

An  asterisk  denotes  that  lines  of  the  element  indicated  appear 
often  or  always  as  bright  lines  in  the  spectrum  of  the  chromosphere 
(Art.  322). 


•Calcium,  11. 

•Strontium,  23. 

Copper,  80. 

•Iron,  1. 

•Vanadium,  8. 

•Zinc,  29. 

•Hydrogen,  22. 

•Barium,  24. 

•Cadmium,  2$. 

•Sodium,  20. 

•Carbon,  7. 

•Cerium,  10. 

•Nickel,  2. 

Scandium,  12. 

Glucinum,  33. 

■Magnesium,  19. 

•Yttrium,  15. 

Germanium,  32. 

•Cobalt,  6. 

Zirconium,  9. 

Rhodium,  27. 

Silicon,  21. 

Molybdenum,  17. 

Silver,  31. 

Aluminium,  26. 

Lanthanum,  14. 

Tin,  34. 

•Titanium,  3. 

Niobium,  16. 

Lead,  35. 

•Chromiuni,  5. 

Palladium,  18. 

Erbium,  28. 

Neodymium,  13. 

To  these  must  now 

be  added  helium,  which,  however,  ahowB  itself  only  by 

blight  lines  in  the  cbromospb 

ere  spectrum  (Art  323). 
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317.  It  will  be  noticed  that  all  the  bodies  named  in  the  list, 

carbon  alone  excepted,  are  metals  (chemically  hydrogen  is  a  metal), 
and  that  a  multitude  of  the  most  important  terrestrial  elements  fail 
to  appear ;  oxygen,'  nitrogen,  chlorine,  bromine,  iodine,  sulphur, 
phosphorus,  arsenic,  and  boron  are  all  missing.  We  mast  be  oau- 
tioua,  however,  as  to  negative  conclusions.  It  ia  quite  conceivable 
that  the  spectra  of  these  bodies  under  solar  conditions  may  be  so 
different  from  their  spectra  as  presented  in  our  laboratories  that  we 
cannot  recognize  them ;  for  it  is  now  quite  certain  that  some  sub- 
stances, nitrogen,  for  instance,  under  different  conditions,  give  two 
or  more  widely  different  spectra. 

318.  Kr.  Lockyer's  Views.  —  Mr,  Lockyer  thinks  it  more  prob- 
able that  the  missing  substances  are  not  truly  elementary,  but  are 
decomposed  or  "dissociated"  on  the  sun  by  the  intense  heat,  and  so 
do  not  exist  there,  but  are  replaced  by  their  components ;  he  believes, 
in  fact,  that  none  of  our  so-called  elements  are  really  elementary, 
but  that  all  are  decomposable,  and,  to  some  extent,  actually  decom- 
posed in  the  sun  and  stars,  and  some  of  them  by  the  electric  spark 
in  our  own  laboratories.  Granting  this,  a  crowd  of  interesting  aud 
remarkable  spectroscopic  facts  find  easy  explanation.  At  the  same 
time  the  hypothesis  is  encumbered  with  great  difficulties  aud  has 
not  yet  been  finally  accepted  by  physicists  and  chemists.  For  a 
full  statement  of  his  views  the  reader  is  referred  to  his  "Chemistry 
of  the  Sun." 

319.  The  Kerenin;  Layer.  —  According  to  Kirchhoff's  theory 
the  dark  lines  are  formed  by  the  passing  of  light  from  the  minute 
solid  and  liquid  particles  of  which  the  photospheric  clouds  are  sup- 
posed to  be  formed,  through  vapors  containing  the  substances  which 
we  recognize  in  tlie  solar  spectrum.  If  this  be  so,  the  spectrum  of 
the  gaseous  envelope,  which  by  its  absorption  forms  the  dark  lines, 
should  by  itself  show  a  spectrum  of  corresponding  bright  lines. 
The  opportunities  are  of  course  rare  when  it  is  possible  to  obtain 
the  spectrum  of  this  gas-stratum  alone  by  itself ;  but  at  the  time  of 
a  total  eclipse,  at  the  moment  when  the  sun's  disc  has  just  been  ob- 
scured by  the  moon,  and  the  sun's  atmosphere  is  still  visible  beyond 
the  moon's  limb,  if  the  slit  of  the  spectroscope  be  carefully  adjusted 
to  the  proper  point,  the  observer  ought  to  see  this  bright-line  spec- 
trum. The  author  succeeded  in  making  this  very  observation  at  the 
Spanish  eclipse  of  1870.  The  lines  of  the  solar  spectrum,  which  up 
to  the  final  obscuration  of  the  sun  had  remained  dark  as  usual  (with 
the  exception  of  a  few  belonging  to  the  spectrum  of  the  chromo- 

'  Ilutige  (18D0)  fuimJ  evidence,  siiicu  cuiifirnied,  of  the  preKetiue  of  oxygen. 
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sphere),  were  suddenly  "reveraed,"  and  the  whole  length  of  the 
spectrum  was  filled  with  brilliant-colored  lioea,  which  flashed  out 
quickly  and  then  gradually  faded  away,  disappearing  in  about  two 
seconds,' — a  most  beautiful  thing  to  see.  Substantially  the  same 
thing  has  since  then  been  several  times  observed.' 

820.  'fhe  Diitursl  interpretation  of  this  phenomenon  is,  that  lite  forma- 
lion  of  the  dark  lines  in  the  aolar  spectrum  is  mainly,  at  least,  produced  bya  very 
thin  layer  close  down  to  the  photosphere,  since  the  moon's  motion  in  two  seconds 
would  cover  a  thickness  of  only  about  500  miles.  It  was  not  possible,  how- 
ever, to  be  certain  that  all  the  dark  lines  were  reversed,  and  in  this  UDCer- 
tainty  lies  the  possibility  of  a  ditfer^t  interpretation.  Mr.  Lockyer  doubts 
tbe  existence  of  any  such  thin  stratum.^  According  to  his  views  the  solar 
atmospliere  is  very  extensive,  and  those  lines  of  iron,  which  correspond  to 
tbe  more  complex  combinations  of  its  cgnatituenta,  ai*  formed  only  in  the 
regions  of  lovrer  temperature,  high  up  in  the  sun's  atmosphere.  They  should 
appear  earlt/  at  the  time  of  an  eclipse  and  last  long,  but  not  be  very  bright. 
Those  due  to  the  constituents  of  iron  which  are  found  only  close  down 
to  the  solar  surface  should  be  short  and  bright;  and  be  thinks  that  tbe 
numerous  bright  lines  observed  under  the  conditions  stated  are  due  to  such 
substances  only. 

331.  BuL-ipot  Speotram.  —  This  is  like  the  general  solar  spectrum, 
except  that  certain  lines  are  much  widened,  while  certain  others  are 
thinned,  and  sometimes  the  lines  of  hydrogen  and  a  few  other  sub- 
stances are  reversed  into  bright  lines ;  this  is  almost  always  the  case 
with  the  H  and  K  lines  of  calcium. 


FlQ.  in*.  —  Pnrtlon  of  Sun-apot  Spectrum,  from  Photogi^ib  of  ISSS. 

Fig,  11  !•  is  from  a  photograph  of  the  yellow-green  portion  of  a 
sun-spot  spectrum  which  exhibits  the  principal  peculiarities  very 

1  During  the  eclipse  of  August,  1806,  Mr.  Shackleton,  in  Nova  Zembla,  ob- 
ti^ned  with  a  "  prismatic  camera  "  a  fine  photograph  of  tlie  spectrum  of  the  solar 
atmosphere  at  tbe  instant  after  totolit;  began.  Tbe  picture  fully  cunflrms  the 
»nihor's  visual  observations,  and  appears  to  eatabliab  the  reality  of  the  "  revers- 
ing layer."  The  bright  lines  of  the  chromosphere  specinim  (Art,  322)  are  of 
course  specially  conspicuous,  but  all  Ibe  prominent  Fraunbofer  lines  are  present, 
"reversed"  and  bright.    (See  also  note  at  end  of  Chapter  XI.) 
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welL  The  central  dark  Btiipe  is  the  spectrum  of  the  nucleus  of  the 
spot,  the  fainter  stripe  on  eaoli  side  of  it  being  that  of  the  penumbra. 
Bather  more  than  half  the  lines  are  unaltered  There  they  cross  the 
spot-speotram,  about  twenty  (in  this  particular  spot  and  in  this 
piece  of  the  spectrum)  are  more  or  less  widened  and  darkened,  and 
about  half  a  dozen  are  thinned  or  obliterated.  Several  of  the  lines 
most  conspicuous  in  the  spot-spectrum  are  hardly  visible  at  all  in 
the  geaercil  photospheric  spectrum,  the  two  "fish-bellies"  at  6728 
and  5731  being  specially  notable.  In  the  case  of  certain  elements, 
iron,  for  instance,  only  a.  few  of  their  lines  are  ordinarily  affected 
in  the  spot-spectrum,  while  the  others  remain  unchanged,  —  a  fact 
which  Lookyer  considers  very  important  and  significant. 

Not   infrequently    it   happens 


that  certain  lines  of  the  spectrum 
are  crooked  and  broken  in  con- 
nection with  sun  spots,  as  shown 
by  Fig.  112.  Such  phenomena 
are  caused,  according  to  Doppler'a 
Principle,  by  the  swift  motion 
of  matter  towards  or  from  the 
observer.  In  the  particular  case 
shown  in  the  figure,  hydrogen  is  the  substance,  and  the  greatest 
motion  indicated  was  towards  the  observer  at  the  rate  of  about  300 
miles  a  second  —  an  unusual  velocity.  These  effects  are  most  notice- 
able, not  in  the  spots,  but  near  them,  usually  just  at  the  outer  edge 
of  the  penumbra. 

The  dark  and  apparently  continuous  spectrum  which  ie  due  to  the  nucleus 
of  a.  sun  spot  is  not  truly  continuous,  but  under  high  diBperaion  is  resolved 
into  a  range  of  extremely  fine,  close-packed,  dark  lines,  separat«d  by  narrow 
spaces.  At  least,  this  is  so  in  the  green  and  blue  portions  of  the  spectrum; 
it  is  more  difficult  to  make  out  this  structure  in  the  yellow  and  red.  It  ap- 
pears to  indicate  that  the  absorbing  medium  which  causes  the  darkness  of  a 
sun  spot  is  gateotu,  and  not  composed  of  precipitated  particles  like  smoke. 

321*.  The  Soppler-Fizean  Principle. —  The  importance  of  thi* 
principle  in  the  "New  Astronomy"  can  hardly  be  exaggerated.  Briefly 
it  is  simply  this  :  When  the  distance  is  increasing  between  us  and  a 
body  which  is  emitting  regular  vibrations,  the  number  of  waves 
received  by  us  in  a  second  is  diviinished,  and  their  wave-length  is 
correspondingly  increased;  and  vice  versa  when  the  distance  is  de- 
creasing. When,  therefore,  a  luminous  mass  (say  of  hydrogen)  is 
rushing  towards  us,  or  we  towards  it,  all  the  lines  in  its  spectnim 
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have  their  wuTe-lengthB  diminUked,  and  are  shifted  from  their  nor- 
mal positions  in  the  spectTum  towards  the  blve  end,  by  an  amount 
depending  npon  the  velocity  of  the  motion. 

Doppler  first  annoonoed  the  principle  in  1843  as  affecting  color; 
Fizeaa  in  1848  pointed  out  its  effect  in  shifting  the  line*  of  the 
spectrum,    (See  also  Art.  802,*  first  fine-print  paragraph.) 

If  F  is  the  velocity  of  light  (186330  miles  ft  second),  r  the  speed  with 
which  the  obeeirer  ia  moving  away  from  the  luminous  object,  and  t  the 
■peed  with  which  the  object  is  moving  from  the  obgerver,  then,  tettii^  \ 
represent  the  normal  wave-length  of  a  given  line  in  the  spectrum,  and  V  its 

V+» 
apparent  wave-length  as  affected  by  the  motions,  we  have  \'  =  A  y_   ■ 

If  r  and  »  are  both  small  as  compared  with  V,  as  of  course  ia  usually  the 
case,  this  gives  very  approximately  X'  —  k  =  k—y—t  or  — - —  =  -=,  where  v 
is  limply  the  rate  at  which  the  distance  between  the  observer  and  the  object 
is  increating  (ia  be  taken  miniu,  if  decrearing).  With  our  present  epeotro- 
Bcopes  a  motion  of  less  than  a  mile  a  second  can  be  detected  in  this  way. 

389.,  The  Chromosphere. — The  chromosphere  is  a  region  of  the 
sun's  gaseons  envelope  which  lies  close  above  the  photosphere,  the 
"reversing  layer"  if  it  exists  at  all,  being  only  the  most  dense  and 
hottest  part  of  it.  The  chromosphere  is  so  called,  because,  as  seen 
for  an  instant,  during  a  total  solar  eclipse,  it  is  of  a  bright  scarlet 
color,  the  color  being  due  to  the  hydrogen  which  is  its  main  constit- 
uent. It  is  from  5000  to  10000  miles  in  thickness,  and  in  structure 
is  very  like  a  sheet  of  scarlet  flame,  not  being  composed  of  horizon- 
tal sheets,  but  of  (approximately)  upright  filaments.  Its  appearance 
has  been  compared  very  accurately  to  that  of  "a  prairie  on  fire" ; 
but  the  student  must  carefully  guard  against  the  idea  that  there  ia 
any  real  "burning"  in  the  case;  i.e.,  aaj proeesa  of  corahinatum  \ya- 
tween  hydrt^n  and  some  other  substance.  Its  spectrum  is  one  of 
bright  lines  containing  all  that  are  ever  observed  in  the  prominences, 
besides  many  others.  The  lines  of  hydrogen  and  helium,  and  the 
H  and  K  lines  of  calcium  are  the  most  conspicuous. 

3S3.  The  FrominenoM.  —  At  a  total  eclipse,  after  the  totality  has 
fwrly  set  in,  there  are  usually  to  be  seen  at  the  edge  of  the  moon's 
disc  a  number  of  scarlet,  star-like  objects,  which  in  the  telescope 
appear  as  beautiful,  fiery  clouds  of  various  form  and  size.  These 
are  the  so-called  "prominences,"  which  very  non-committal  name  was 
given  while  it  was  still  doubtful  whether  they  were  solar  or  lunar. 
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Photography,  in  1860,  proved  that  they  really  belong  to  the  snn, 
for  the  photographs  taken  during  the  totality  showed  that  the  moon 
obTiously  moveB  over  them,  covering  those  upon  the  eastern  limb, 
and  uncovering  those  upon  the  western. 

Their  spectrum,  first  observed  in  186S,  is  gaaeovu,^  i.e.,  briffht-lined, 
the  lines  of  hydrogen  being  especially  conspicuous.  There  are, 
however,  a  number  of  other  bright  lines,  —  among  them  the  violet 
ff  and  K  lines  ascribed  to  calcium,  and  a  yellow  line  known  as  Z>t 
becauae  it  is  near  the  two  D  lines  of  sodium.  This  is  due  to  "  heliua," 
first  identified  as  a  terrestrial  element  in  1895,  in  the  gas  liberated 
from  clfeveite  (and  certain  other  rare  minerals). 

In  connection  with  this  eclipse,  Janssen,  who  observed  it  in  India, 
found  that  the  lines  of  the  prominence  spectrum  were  so  bright  that 
he  was  able  to  observe  them  the  next  day  after  the  eclipse  in  full 
sunlight;  and  he  also  found  that  by  a  proper  management  of  iis 
instniment  he  could  study  the  form  and  behavior  of  the  prominences 
nearly  as  well  without  an  eclipse  as  during  one.  Loekyer,  in  Sag- 
lajid,  some  time  earlier  had  come  to  similar  conclusions  from  theo- 
retical grounds,  and  he  practically  perfected  his  discovery  a  few 
weeks  later  than  Jansaen,  although  without  knowledge  of  what  he 
had  done.  By  a  remarkable  hut  accidental  coincidence  their  discov- 
eries were  communicated  to  the  French  Academy  on  the  same  day; 
and  in  their  honor  the  French  have  struck  a  medal  bearing  their 
united  effigies. 

384.    How  the  SpeotroBoope  Hakaa  the  FromineneM  Visible.  — 

The  only  reason  we  cannot  see  the  prominences  at  any  time  is  on 
account  of  the  bright  illumination  of  our 
own  atmosphere.  We  can  screen  off  the 
direct  light  of  the  sun;  hut  wecaunot  screen 
off  the  reflected  sunlight  coming  from  the 
air  which  is  directly  between  us  and  the 
prominences  themselves;  a  light  so  bril- 
liant that  the  prominences  cannot  be  seen 
through  it  without  some  kind  of  aid. 

The  spectrum   of   this   air-light  it,  of 
course,  just  the  same  as  that  of  the  sun, 
pTomineno™.  —  2,  continuoQB  spectnuu  with  the  same 

1  Taccbini  baa  reported  tbe  existence  of  tokiU  prominenDw  (giving  a  continu- 
ou»  ripectnim),  conspicnoiu  to  the  eye  and  on  the  photograpba  In  the  eclipflekot 
1883  and  1B89.    Tbe  evidence,  however,  is  hardly  concludve. 
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dark  lines  upon  it.  Whftn,  therefore,  we  arrange  the  apparatus  u 
iadicated  in  Fig,  113,  pointing  the  telescope  so  that  the  image  of 
tiM  son's  limb  just  touches  the  slit  of  the  spectroscope,  then,  if  there 
is  a  prominence  at  that  point,  we  shall  have  in  our  spectroscope  two 
spectra  superposed  upon  each  other;  uamel;,  the  spectrum  of  the 
air-illmaination  and  that  of  the  prominence.  The  latter  is  a  speo- 
trum  of  bright  lines,  or,  if  the  slit  is  opened  a  little,  of  bright  image* 
of  whatever  part  of  the  prominence  may  &11  within  the  edges  of  the 
slit.  Now,  the  brightness  of  these  images  is  not  affected  by  any 
increase  of  dispersion  in  the  spectroscope.  Increase'  of  dispersion 
merely  sets  these  images  farther  apart,  without  making4hem  fainter. 
The  spectrum  of  the  aerial  illumination,  on  the  other  hand,  is  made 
Tery'foint  by  its  extension  ;  and,  moreover,  it  presents  dark  lines  (or 
apacet  when  the  slit  is  opened)  precisely  at  the  points  where  the 
Bright  images  of  the  prominences  fall. 

A  spectroscope  of  dispersive  power  sufBcient  to  divide  the  two  B 
lines,  attached  to  a  telescope  of  four  or  five  inches  aperture,  gives  a 
verf  satisfactory  view  of  these 
beautiful  objects;  the  yet:' im- 
age corresponds  to  the  C  line, 
and  is  by  far  the  best  for  such 
observations,  though  the  D, 
line  or  the  F  line  can  also  be 
u^d.  When  the  instrument 
is  properly  adjusted,  the  slit 
opened  a  little,  and  the  image 
of  the  sun's  limb  brought  ex- 
actly to  the  edge  of  the  slit, 
the  observer  at  the  eye-piece 
of  the  spectroscope  will  see 
things  about  as  we  have  at- 

temjited  to  represent  tbem  in  ^™-  ''*■ 

^.  114,  aa  if  he  were  looking       "^  °'~°*°^t£n^^^i^""*'  "*"  ^ 
at  the  clouds  iu  an  evening 
iky  through  a  slightly  opened  window-blind.'    (See  also  Art.  826*.) 

385.  DUIerent  Kinds  of  Fmninenoes ;  Their  Forms  and  Kotiona. 
-  The  prominences  may  be  broadly  divided  into  two  classes,  —  the 

>  Too  Ugh  dispersion  injures  tlie  definition,  however,  becanse  the  lines  la  the 
qwctmin  of  Iiydrogen  are  rstlier  tirosd  and  ^a.if. 

*  The  obeerrstion  of  prominences  in  this  maimer  was  first  effected  by  Huggtns 
(BOW  Sir  WUUam  Hug^)  in  1868. 
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EBUPTIVE  PROMINENCES. 


Sep*.  T,  1S71,  12.30  P. 


Ftune.  JeU  nur  Sun'a  Limb,  Oct.  G,  1871. 

Fio.  118. 
ErnpttTS  Promliienoea.   From  "  The  Son,"  b;  permlsaion  ol  D.  Appletoo  ft  Co. 
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quiescent  or  diSueed,  and  the  eruptive  or  "metallic,"  as  Secchi  calls 
them,  because  they  show  in  their  spectrum  the  lines  of  many  metals 
besides  hydrogen.  The  former,  illustrated  by  Fig.  116  (see  p.  223), 
are  immeose  clouds,  often  60000  miles  in  height,  and  of  correspond- 
ing horizontal  dimensions,  either  resting  upon  the  chromosphere  or 
connected  with  it  by  slender  stems  like  great  banyan-trees.  They 
are  not  very  brilliant,  and  are  composed  almost  entirely  of  hydrogen 
and  "helium."  They  often  remain  nearly  unchanged  for  days  to- 
gether as  they  pass  over  the  sun's  limb.  They  are  found  on  all 
portions  of  the  disc,  at  the  poles  and  equator  as  well  as  in  the  spot 
zones.  Some  of  them  are  ctoud-like  forms  floating  entirely  detached 
from  the  sun's  surface.  • 

Usually  these  clouds  are  simply  the  remnants  of  prominences 
which  appear  to  have  been  thrown  up  from  below,  but  in  some  cases 
they  actually  form  and  grow  larger  without  any  visible  connection 
with  the  chromosphere  —  a  fact  of  considerable  importance,  as 
showing  in  those  regions  the  presence  of  hydrogen,  invisible  to  our 
spectroscopes  until  somehow  or  other  it  is  made  to  give  out  the  rays 
of  its  familiar  spectrum.  All  the  forms  and  motions  of  the  promi- 
nences, it  may  be  said  further,  seem  to  indicate  the  same  thing  — 
that  they  exist  and  move,  not  in  a  vaamm,  but  in  a  medium 
of  density  comparable  with  their  own,  as  clouds  do  in  our  own 
atmosphere. 

926.  The  eruptive  prominences,  on  the  other  hand,  are  brilliant 
and  active,  not  usnalli/  so  large  as  the  quiescent,  but  at  times  enor- 
mous, reaching  elevations  of  100000,  200000,  or  even  400000  miles. 
They  are  illustrated  by  Fig.  116.  Most  frequently  they  are  in  the 
form  of  spikes  or  flames ;  but  they  present  also  a  great  variety  of 
other  fantastic  shapes,  and  are  sometimes  so  brilliant  as  to  be  visible 
with  the  spectroscope  on  the  surface  of  the  sun  itself,  and  not  merely 
at  the  limb.  Generally  prominences  of  this  class  are  associated 
with  active  sun  spots,  while  both  classes  appear  to  he  connected 
with  the  faculse.  The  figures  given  are  from  drawings  of  individual 
prominences  that  have  been  oliaerved  by  the  author  at  different  times. 

These  solar  clonds  are  most  fascinating  objects  to  watch,  on  ac- 
count of  the  beauty  of  their  forms,  and  the  rapidity  of  their  changes. 
In  the  case  of  the  eruptive  prominences  the  swiftness  of  the  changes 
is  sometimes  wonderful  ^  portions  can  he  actually  seen  to  move, 
and  this  implies  a  real  velocity  of  at  least  250  miles  a  second,  so 
that  it  is  no  exaggeration  to  speak  of  such  phenomena  as  veritable 
"explosions";  of  course,  in  such  cases  the  lines  in  the  spectrum  are 
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grmHj  broken  and  distorted,  and  f reqaently  a  "  magnetie  Btorm " 
follows  npon  the  earth,  with  a  brilliant  Aurora  Borealis. 

Th&  number  visible  at  a  single  time  is  variable,  but  it  is  not  very 
unusvial  to  find  as  man;  as  twenty  on  the  sun's  limb  at  once. 

326*.  Fhotoptphy  oi  the  ProminenoM  and  Chromoiphere. — With 
our  present  sensitive  dry  plates,  and  by  utilizing  the  ff  and  S  lines, 
which,  like  the  hydrogen  lines,  are  always  reveraed  in  the  spectrum 
of  the  chromosphere  and  prominences,  it  has  become  perfectly  easy 
to  photograph  these  objects  with  a  apectroaoope  arranged  like  Fig. 
108.  Professor  George  £.  Hale,  of  Chicago,  and  Deslandres,  of 
Paris,  first  and  almost  simultaneously,  took  up  the  subject  in  1890, 
and  have  been  especially  successfuL  Both  have  devised  ingenious 
arrangements  (called  tpeetTO-htliographa^jhj  which  they  are  able  to 
obtain  pictures  of  the  chromosphere  and  prominences  around  the 
whole  circumference  of  the  sun  at  once. 


Re.  IM*.  —  Baad  £  In  OhnnDtaphera  SpMtnim.   B7  patmlMioD  of  D.  Applaton  A  Oo. 

It  ahould  be  noted  that,  while  in  the  ordinary  solar  spectruin  H  and  K 
■re  bro&d,  hazy,  dark  handi  or  ihada,  in  the  spectrum  of  a  promineDce  they 
sre  thin,  bright  lines  just  in  the  middle  of  the  dartc  bands.  Moreover,  H  is 
dou5&,  t.«.  there  is  a  strong,  bright  line  of  hydrogen  close  to  the  still  brighter 
etlciam  line  (which  ocoupies  the  middle  of  the  band)  and  on  its  red-ward  side. 

Fig.  118*  is  from  a  photograph  of  the  ehromo»phert  spectrum,  made  by 
isttiDg  the  slit  of  the  spectroscope  tangential  to  the  edge  of  the  son.  The 
bjdiogen  line  below  H  is  shown  and  also  a  second  hydrogen  line  above  K, 

>  See  Addendnm  A,  following  page  6S0. 
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marked  Hf^.  But  the  moat  notable  feature  ia  the  doidtlt  revenal  of  K,  B, 
and  its  hydrogen  companion  (which  b  known  ae  Ht).  In  the  spectrum  of 
faevke,  H  and  K  are  usually  bright  and  doubly  reversed  in  the  same  man- 
ner B8  in  the  chromosphere,  while  over  the  spots,  though  usually  reversed, 
they  are  seldom,  if  ever,  doubled. 

327.  The  Corona.  —  This  ia  a  halo,  or  "glory,"  of  light  which 
surrounds  the  sun  at  the  time  of  the  total  eclipse.  Fr<}m  the  remotest 
times  it  has  been  well  known,  and  described  with  eutbusiasm,  as 
being  certainly  one  of  the  most  beautiful  of  natural  phenomena. 


Fia.  IIT.  ~  Corona  ol  the  EelipM  of  ISn.    By  psrrnlulODof  D.  Appletou&Oo. 

The  portion  of  the  corona  nearest  the  sun  is  almost  dazzlinglj 
bright,  with  a  greenish,  pearly  tinge  which  contrasts  finely  with  the 
scarlet  blaze  of  the  prominences.  It  is  made  up  of  streaks  and  fila- 
ments which  on  the  whole  radiate  outwards  from  the  sun's  disc, 
though  they  are  in  many  places  strangely  curved  and  intertwined. 
Usually  these  filaments  are  longest  in  the  sun-spot  zones,  thus  gir- 
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ing  the  corona  a  Eoore  or  less  quadrangular  figure.  At  the  very  poles 
of  the  Sim,  however,  there  are  often  tufts  of  sharply  defined  threads. 

For  the  most  part  the  streamers  have  a  length  not  much  exceeding 
the  sun's  radius,  but  some  of  them  at  almost  every  eclipse  go  far 
beyond  this  limit.  In  the  clear  air  of  Colorado  during  the  eclipse 
of  1878,  two  of  them  could  be  traced  for  five  or  six  degrees,  —  a  dis- 
tance of  at  least  9  000000  miles  from  the  sun.  A  most  striking 
feature  of  the  corona  usually  consists  of  certain  dark  rifts  which 
reach  straight  out  from  the  moon's  limb,  clear  to  the  extremest  limit 
of  the  corona. 

The  corona  varies  much  in  brightness  at  different  eclipses,  and  of 
course  the  details  are  never  twice  the  same.  Its  total  light  under 
ordinary  circumstances  is  at  least  two  or  three  times  as  great  as  that 
of  the  full  moon. 

388.  Fhotograplu  of  the  Corona.  —  While  the  eye  can  perhaps 
grasp  some  of  its  details  more  satisfactorily  than  the  photographic 
plate  can  do,  it  is  found 
that  drawings  of  the  corona 
are  hardly  to  be  trusted. 
At  any  rate,  it  seldom  hap- 
l>en3  that  the  representa- 
tions of  two  artists  agree 
sufficiently  to  justify  any 
confidence  in  their  scientific 
accuracy.  Photographs,  on 
the   other    hand,   may   be 

trusted  as  far  as  they  go,  £  '■* 

though  they  may  fail  to 
bring  out  some  things  which 
are  conspicuous  to  the  eye. 
Fig.  117  is  from  a  photo- 
graph of  the  Indian  eclipse 
of  1871,  and  117*  is  from 
the  photograph  of  the  Egyp- 
tian eclipse  of  1882,  when 
a  little   comet  was  found  a 

close   to   the    sun.  Fro.  IIT*.  — CoroiuiofthBEgypllMi  EclIpw.lSSZ. 

Of  course,  as  in  the  case  of  the  prominences,  the  only  reason  we  cannot 
tee  the  corona  without  an  eclipsed  sun  is  the  illumination  of  the  earth's  at- 
moBpbere.     If  we  conld  ascend  above  our  atmosphere,  and  manage  to  exist 
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and  to  observe  there,  we  conld  see  it  by  simply  screening  off  the  snn'a  dlea 
So  long,  however,  as  tlie  brightneBS  of  the  illuminated  air  is  more  than 
abont  sixty  timss  that  of  the  corona,  it  must  remain  invisible  to  the  eye. 
Sir  William  Huggins  has  thought  that  it  might  be  possible  by  means  of 
pbotc^aphs  to  detect  differences  of  illumination  less  than  ^  (the  limit  of 
the  eye's  perception),  and  so  to  obtain  pictures  of  the  corona  at  any  time; 
especially  as  it  appears  that  the  coronal  light  is  far  richer  in  ultra-'TioIet 
rays  (the  photographic  rays)  than  the  general  sunlight  with  which  the  air  is 
illuminated.  Thus  far,  however,  no  succesB  has  been  obtained  either  by 
himself  or  by  others  who  have  made  the  attempt. 

329.   Bpectrum  of  the  Corona.  —  This  waa  first  definitely  observed 

in  1869  during  the  eclipse  which  passed  over  the  western  part  of  the 
United  Statea  in  that  year.  It  was  then  found  that  its  most  remark- 
able characteristic  is  a  bright  line  in  the  green,  which  the  writer 
incorrectly  identified  as  coinciding  with  the  dark  line  at  1474  on  the 
scale  of  KirchhofPs  map  (A.  =  5317).  This  line  was  also  seen  by 
two  or  three  other  observers,  but  either  not  recognized  as  belonging 
to  the  corona,  or  dtfCerentl;  identified. 

This  result  was  very  puzzling,  since  the  line,  also  conspicuous  in  the 
chromosphere  spectrum,  is  ascribed  to  iron  by  Angstrom  and  other  authoii- 
tiea  The  mystery  was  cleared  up  by  the  eolipse-phot^^aphs '  obtained 
since  1896,  which  show  that  the  real  corona  line  is  not  "  147i  "  at  all,  but 
is  slightly  more  refrangible  with  a  wave-length  of  5304,  and  has  no  coitb- 
spondhig  line  either  in  the  ordinary  solar  spectrum  or  in  that  of  the 
chromosphere.  It  ia  now  generally  referred  to  an  hypothetical  element 
provisionally  named  coromum,  lighter  than  hydrogen,  existing  upon  the 
earth,  like  helium,  only  sparingly  if  at  all,  and  as  yet  uni-ecognized  in  our 
laboratoj'ies. 

Besides  this  conspicnous  green  line,  the  hydrogen  lines  are  also 
faintly  visible  in  the  spectrum  of  the  corona;  and  by  means  of  a 
photographic  camera  used  during  the  Egyptian  eclipse  of  1882,  it 
waa  found  that  the  upper  or  violet  portion  of  the  spectrum  is  very 
rich  in  lines,  among  which  H  and  K  were  specially  conspicuous. 
Later  observations,  however,  in  1893  and  1896,  have  made  it  nearly 
certain  that  these  lines  were  not  really  coronal,  but  only  due  to 
reflection  in  our  own  atmosphere  of  light  from  the  chromosphere 
and  prominences.  There  ia  aJso,  through  the  whole  spectruia,  a 
faint  continuous  background.  In  it  some  observers  have  reported  the 
presence  of  a  few  of  the  more  conspicuous  dark  lines  of  the  ordinary 
solar  spectrum,  but  the  evidence  on  this  point  ia  rather  conflicting. 

When  the  corona  is  photographed  with  a  "prismatic  camera," 
which  has  a  prism  or  prisms  in  front  of  its  lens,  the  picture  is  com- 

>  See  notea  on  pages  231  and  '267. 
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posed  of  several  rings  (seven  in  1893),  all  of  whioh,  except  the 
green  one,  are  very  faint  and  lie  in  the  violet  portion  of  the  spec- 
trum; the  brightest  of  them  falls  just  below  the  H  line.  They  are 
all  probably  due  to  "coronium."  The  plate  at  the  same  time  also 
shows  numerous  other  partial  rings  which  are  quite  different  in 
appearance,  and  are  clearly  due  to  the  hydrogen,  helium,  and  calcium 
of  the  prominences.  As  the  evidence  now  stands,  it  is  not  probable 
that  either  of  these  elements  exists  in  the  corona. 

SSO.  ITatnre  of  the  Corona.  —  It  is  evident  that  the  corona  is  a 
truly  solar  and  not  merely  an  optical  or  atmospheric  phenomenon, 
from  two  facta  :  first,  the  identity  of  detail  in  photograjfhs  made  at 
vndely  separate  stations.  In  1871,  for  instance,  photographs  were 
obtained  at  the  Indian  station  of  Bekul,  in  Ceylon,  and  in  Java, 
three  stations  separated  by  many  hundreds  of  miles  ;  but,  excepting 
minute  differences  of  detail,  such  as  might  be  expected  to  have 
resulted  from  the  changes  that  would  naturally  go  on  in  the  corona 
during  the  half-hour  while  the  moon's  shadow  was  travelling  from 
Bekul  to  Java,  all  the  photographs  ^ree  exactly,  which  of  course 
would  not  be  the  case  if  the  corona  depended  in  any  way  upon  the 
atmospheric  conditions  at  the  observer's  station. 

Second  (but  first  historically),  the  presence  of  briffht  lines  in  the 
tpectrtim  of  the  corona  proves  that  it  cannot  be  a  terrestrial  or  lunar 
phenomenon,  by  demonstrating  the  presence  in  the  corona  of  a  self- 
luminous  gas,  which  observation  fails  to  find  either  near  to  the  moon 
or  in  our  own  atmosphere.     It  must,  therefore,  be  at  the  sun. 

But  while  it  is  thus  certain  that  the  corona  contains  luminous  gas, 
it  also  is  very  likely  that  finely  divided  solid  or  liquid  matter  may 
be  present  in  the  corona ;  that  is,  fog  or  dust  of  some  kind,  as  is 
indicated  by  the  partial  polarization  of  its  light. 

331.  The  corona  cannot  be  a  true  "solar  atmosphere"  in  any 
strict  sense  of  the  word.  No  gaseous  envelope  in  any  way  analogous 
to  the  earth's  atmosphere  could  possibly  exist  there  in  gravitational 
equilibrium  under  the  solar  conditions  of  pressure  and  temperature. 
The  corona  is  probably  a  phenomenon  due  somehow  to  the  intense 
activity  of  the  forces  there  at  work ;  meteoric  matter,  cometic  mat- 
ter, matter  ejected  from  within  the  sun,  are  all  concerned. 

That  this  matter  is  inconceivably  rare  is  evident  from  the  fact 
that  in  several  cases  comets  have  passed  directly  through  the  corona 
without  experiencing  the  least  perceptible  disturbance  of  their  mo- 
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tions.  It  is  altogether  probable  that  at  a  very  few  thousand  miles 
above  the  sun's  surface  its  density  becomes  far  Jess  than  that  of  the 
best  vafiuum  we  can  make  in  an  electric  lamp. 

No  wholly  satisfactory  theory  of  the  corona  has  yet  been  found. 
Before  1869  it  was  very  generally  regarded  as  a  purely  optical  phe- 
nomenoQ,  either  due  to  diffraction  at  the  limb  of  the  moon,  or,  like 
rainbows  and  halos,  produced  in  oui  own  atmosphere.  Later,  some 
sought  an  explanation  in  meteoric  matter  descending  upon  the  sun 
from  interplanetary  Space.  Many,  recognizing  the  striking  resem- 
blajice  between  the  appearance  of  the  corona  and  that  of  the  Aurora 
Borealia,  ha.Ys  inferred  a  similarity  of  nature  ;  that  the  corona,  in 
short,  is  a  "  permanent  solar  aurora,"  consisting  of  streams  of  elec- 
trical discharge,  directed  and  arranged  by  solar  magnetism.  A 
"magnetic  tiieory"  based  on  this  general  idea  has  been  elaborately 
developed  by  Professor  Bigelow,  of  the  U.  S.  Weather  Bureau. 

Professor  Schaeberle,  of  the  Lick  Observatory,  on  the  other  band, 
contends  for  a  purely  "mechanical"  theory,  regarding  the  coronal 
streamers  as  jets  of  rare  material  ejected  from  the  solar  surface 
(chiefly  from  the  sun-spot  zones)  to  planetary  distances,  from  which 
it  falls  back  in  a  state  of  diffusion.  To  this  returning  matter  he 
attributes  many  important  solar  phenomena. 

None  of  the  theories,  however,  seem  to  allow  sufficient  weight  to 
the  fundamental  spectroscopic  fact  that  "coronium,"  the  character- 
istic substance  of  the  corona,  appears  thus  far  to  be  absolutely  unique 
in  nature,  —  utterly  distinct  from  any  other  known  form  of  matter, 
terrestrial,  solar,  or  cosmical. 


T  ChAFTERS   VIII   ASD   IX. 

1.  Assuming  Faye'H  equation  for  the  solar  rotation  (Art.  284),  what  are 
the  rotation-periods  at  the  sun's  equator,  in  latitude  30°,  in  latitude  45°, 
and  at  the  pole  ? 

f  At  equator,  25.06  days. 
Lat  30°,     2fi.48     " 
■^"*'    i      Lat.  45"*,     28.09     " 
At  pole,      81.95     « 

2.  What  would  be  the  synodic  or  apparent  time  of  rotation  for  a  spot 
in  latitude  45"? 

Am.  30.43  days. 
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8.  If  the  diuneter  ot  the  Bun  wer«  doubled,  its  density  remainiog 
tmchanged,  what  would  be  the  force  of  gravity  at  its  surface  ? 

4.  If  the  sun  vers  expanded  into  a  homogeneous  sphere,  with  a  radiiu 
equal  to  tlie  distance  from  the  earth  to  the  sun,  its  mass  remuning  un- 
changed, what  would  be  the  force  of  gravity  at  its  surface? 

5.  In  this  case,  what  change,  if  any,  would  result  in  the  orbit  of  the 
earth? 

6.  In  the  neighborhood  of  a  snn  spot  a  point  is  found  in  ite  spectrum 
where  a  portion  of  the  C  line  (A  =  6563.0)  is  deflected  to  6566.0.  What 
is  the  velocity  (in  the  line  of  sight)  of  the  hydrogen  at  that  point  ?  (See 
Art.  821*.) 

An*.    85.17  miles,  receding. 

7.  How  great  is  the  displacement  of  the  hydrogen  line  F  (A  =  4861.6) 
St  that  point? 

Ant,    2.22  units  (of  wave-length). 

8.  How  great  a  displacement  is  produced  in  the  line  Z)  (X  =  5896.16) 
by  a  velocity  of  100  miles  a  second? 

Am.    3.16  nnita. 

S.  If  a  Inminoos  body  were  moving  towards  ns  with  a  velocity  one 
qnarter  that  of  light,  what  would  be  the  effect  upon  the  apparent  length  of 
the  portion  of  the  spectrum  included  between  two  lines,  —  say  C  and  PV 

10.  What  if  it  were  moving  towards  us  with  the  speed  of  light? 

11.  What  if  it  were  receding  at  that  rate  ? 

Aat.   The  wave-length  of  every  ray  would  be  apparently  doubted. 

KoTS  TO  Art.  329. 
TEX  OOXOHA  UBI.  The  photographs  of  spectra  obt^ned  in  India  by 
Locfcyer  and  Campbell  during  the  eclipse  of  January,  1899,  made  it  very 
probable  that  the  true  wave-length  of  the  corona  line  Is  6304,  instead  of  GS16. 
The  "  1474  "  line  {\  =  5316)  is  by  far  the  most  conspicuous  of  the  chromoephere 
lines  Id  that  region  of  the  spectrum,  persisting  some  time  after  the  othera  vanish, 
when  the  total  phase  of  the  eclipse  begins,  and  it  would  be  easy  to  make  an 
erroneous  identiflcation  of  the  corona  line  with  it.  It  now  seems  certain  that 
this  mistake  was  actually  made  in  1669.  The  results  obtained  In  the  eclipses  of 
Uay,  1900  and  1001,  have  couflrmed  those  of  the  Indian  eclipse. 
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CHAPTER  X. 

THE  sun's  light  AND  HEAT:  COMPABISON  OP  SUNLIGHT  WITH 
AKTIFICIAL  LIGHTS.  —  MEASUREMENT  OF  THE  SDM's  HEAT, 
AND  DETEEMINATION  OF  THE  "SOLAR  CONSTANT."  —  PYB- 
HELIOMETER,  ACTINOMBTEB,  AND  BOLOMETER.  —  THE  SUN's 
TEMPERATURE.  —  THEORIES  AS  TO  THE  MAINTRNANCB  OF 
THE  sun's  RADIATION,  AND  CONCLUSIONS  AS  TO  THE  BUN'B 
POSSIBLE  AGE  AND  FDTURB  DURATION. 

332.  The  Bon'f  Ligbt. —  The  Quanm;/ of  Sunlight.  It  ie  very  easy 
to  compare  (approximately)  Bunlight  with  the  light  of  a  ataiicUrd' 
candle ;  and  the  result  is,  thfit  when  t!ie  sun  ia  in  the  zenith,  it  illumi- 
nates a  white  surface  about  60,000  times  as  strongly  as  a  standard 
candle  at  a  distance  of  one  metre.  If  we  allow  for  the  atinoBpheric  ab- 
sorption, the  number  would  be  lully  70,000.  If  we  then  multiply  70,000 
by  the  square  of  150,000  million  (roughly  the  number  of  metres  in 
the  sun's  distance  from  the  earth),  we  shall  get  what  a  gas  engineer 
would  call  the  sun's  "  candle  power."  The  number  comes  out  1575 
billiona  of  billions  (English);  i.e.,  1575  with  twenty-four  ciphers 
following. 

333.  One  way  of  making  the  comparison  is  the  following ;  Arrange  mat- 
ters as  in  Fig.  118.  The  sunlight  ia  brought  into  a  darkened  room  by  a 
mirror  M,  which  reflects  the  rays  through  a  lens  L  of  perhaps  half  an  inch  in 
diameter.  After  the  rays  pass  the  focus  they  diverge  and  form  on  the 
BCreeii  S  a  disc  of  light,  the  size  of  which  may  be  varied  by  changing  the 
distance  of  the  screen.  Suppose  it  so  placed  that  the  illuminated  circle  is 
just  ten  feet  in  diameter;  that  is,  240  times  the  diameter  of  the  lens.  Tha 
illumination  of  the  ditic  will  then  be  less  than  that  of  direct  sunlight  in 
the  ratio  of  240*  (or  57,fl00)  to  1  (neglecting  the  loss  of  light  produced  1^ 

<  A  standard  candle  Isaspenn  candle  weighingoDe-axtbof  a  pound  and  burn- 
ing 120  grains  an  hour.    The  "decimal  candle"  proposed  by  the  Paris  Congress 

in  1800  ia  about  one  per  cent  less.  It  is  one-twentieth  of  the  light  emitted  by  a 
square  centimetre  of  melting  platinum.  An  ordinary  fraa-bnrner  consuming  fli-e 
feet  of  gas  hourly  gives  a  light  equivalent  to  from  twel  ve  to  flf  teen  Rtandard  candles. 
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the  mirror  and  the  lens,  a  loaa  which  of  course  must  be  allowed  for).  Xow 
place  a  little  rod  like  a  pencil  near  the  screen,  aa  at  P,  light  a  standard 
candle,  and  move  the  candle  back  and  forth  until  the  two  shadows  of  the 
pencil,  one  formed  by  the  candle,  and  the  other  by  the  light  from  the  lens, 


CompsiiiOD  of  Sunlight  with  n  Stnndsrit  Cutdle. 


are  equally  dark.  It  will  be  found  that  the  candle  has  to  he  put  at  a  dis- 
tance of  about  one  metre  from  the  screen  ;  though  the  results  would  vary  a 
good  deal  from  day  to  day  with  the  clearness  of  the  air. 

334.  When  the  sun's  light  is  compared  with  that  of  the  full  moon 
and  of  various  stars,  we  find,  as  stated  (Art.  259),  that  it  is  atxtiit 
600000  times  that  of  the  full  moon.  It  is  7000  000000  times  as 
great  as  the  light  received  from  Sirius,  and  about  40000  000000 
times  that  from  Vega  or  Arcturus. 

336.  The  Intensity  of  tlie  Bun'i  Lnminority.  —  This  is  a  very 
different  thing  from  the  total  quantity  of  its  light,  as  expressed  by 
its  "candle  power"  (a  surface  of  comparatively  feeble  luminosity 
can  give  a  great  quantity  of  light  if  large  enough).  It  is  the  amount 
if  light  ■per  square  inch  of  luminous  siirfnce  which  determines  the 
iutensity.  Making  the  necessary  computations  from  the  best  data 
obtainable  (only  roughish  approximations  being  possible),  it  appeiirs 
that  the  sun's  surfaoe  is  about  190000  times  as  bright  as  tiiat  of  a 
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candle  flame,  and  aboat  150  times  as  bright  as  the  lime  of  the  calciDiii 
light.  Even  the  darkest  part  of  a  adlar  spot  outshines  tha  lime.  The 
ioteasely  brilliant  spot  in  the  so-called  "crater"  of  an  electric  arc 
comes  nearer  sunlight  than  anything  else  known,  beiog  from  one-lialf 
to  one-fourth  as  bright  as  the  surface  of  the  sun  itself.  But  either 
the  electric  arc  or  the  calcium  light,  when  interposed  between  the 
eye  and  the  sua  looks  like  a  dark  spot  on  the  disc. 


336.  Comparstivs  Brls^tnew  of  Kffeient  Portioni  of  tho  Sui'i 
Snrfaoe. — By  forming  a  large  image  of  the  sun,  say  a  foot  in  di- 
ameter, upon  a  screen,  we  can  compare  with  each  other  the  rays 
coming  from  different  parta  of  the  sun's  disc.  It  thus  appears  that 
t^ere  is  a  great  dimttiutioa  of  light  at  the  edge,  the  light  tiiere,  accord- 
ing to  Professor  Fickeriug's  experiments,  being  just  about  one-third 
as  strong  aa  at  the  centre.  There  is  also  an  obvious  difference  of 
color,  the  light  fh)ni  the  edge  of  the  disc  being  brownish  red  as  com- 
pared with  tliat  from  the  centre.  The  reason  is,  thnt  the  red  and 
yellow  rays  of  the  spectrum  loae  much  less  of  their  brightness  at  the 
limb  than  do  the  blue  and  violet.  According  to  Vogel,  the  latter  rays 
are  affected  nearly  twice  as  much  as  the  former.  For  this  reason, 
phot<^raphB  of  the  sua  exhibit  the  dai^euing  of  the  limb  much  more 
strongly  than  one  usually  sees  it  in  tlie  telescope. 

337.  Caose  of  the  Barkening  of  the  Limb.  —  It  is  due  uoquee- 
tionably  to  the  general  absorption  of  the  sun's  rays  by  the  lower  por- 

tion  of  the  overlying  atmosphere. 
The  reason  is  obvious  ftom  the 
figure  (Fig.  119).  The rtmner this 
atmosphere,  other  things  being 
equal,  the  greater  the  ratio  between 
the  percentage  of  absorption  at  the 
!  arid  centre  of  the  disc,  and 
,  the  more  obvioita  the  darkening  of 
the  li7nJ>. 

Attempts  bare  been  made  to 
determine  from  the  observed  dif- 
ferences between  the  brightness  of  centre  and  limb  the  total 
percent^e  of  the  suu's  light  thus  absorbed.  Unfortunately  we  have 
to  supplement  the  observed  data  with  some  very  nnccrtsin  assump- 
tions in  order  to  solve  the  problem;  and  it  can  only  be  said  that 
it  ia  probtUile  that  the  amount  of  light  absorbed  by  the  sun's  atmos- 


Fio.  lie. 

H  or  Uu  DwkcalDg  ot  Um  SuD*a  Umb. 
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phere  lies  betveen  fifty  and  eighty  per  cent ;  i.e.,  the  sun  deprived 
of  its  gaseous  envelope  would  probably  ahine  from  two  to  five  times 
as  brightly  as  now.  It  is  noticeable,  also,  as  Langley  long  ago 
pointed  out,  that  thus  stripped,  the  "complexion"  of  the  sun  would 
be  markedly  changed  from  yellowish  white  to  a  good  full  blue,  since 
the  blue  and  violet  rays  are  much  more  powerfully  absorbed  than 
those  at  the  lower  end  of  the  spectrum. 


THB  SDIf  S  HEAT. 


S38.  Ittftnutity;  th«  "  Solar  Conitutt"  —  By  the  "  quantity  of 
keat"  received  by  the  earth  from  the  sun  we  mean  the  number  of 
heat-units  received  in  each  unit  of  time  by  a  square  unit  of  surface 
when  the  sun  is  in  the  zenith.  The  heat-unit  most  employed  by 
engineers  is  the  calorie,  which  is  the  quantity  of  heat  required  to 
mise  the  temperature  of  one  kilogram  of  water  one  degree  centi- 
grade. It  is  found  by  observation  that  each  square  metre  of  surface 
exposed  perpendicularly  to  the  sun's  rays  receives  from  the  sun  each 
Uiinute  approximately  twenty-one  of  these  calories ;  or  rather  it 
vxmld  do  so  it  &  considerable  portion  of  the  sun's  beat  were  not 
stopped  by  the  earth's  atmosphere,  which  absorbs  some  thirty  per 
cent  of  the  whole,  even  when  the  sun  is  vertical,  and  a  much  larger 
proportion  when  the  sun  is  near  the  horizon.  This  quanti^, 
twenty-one  caloriet '  per  square  metre  per  mimite,  IS  known  as  the 
"Solar  CoTutaTit." 

339.  llethod  ol  Determining  the  "Solar  Constant" — The  method 
hy  which  the  solar  constant  is  determined  is  simple  enough  in  prin- 
ciple, though  complicated  with  serious  practical  difficulties  which 
aSect  its  accuracy.  It  is  done  by  allowing  a  beam  of  sunlight  of 
known  cro*»-*ection  to  shine  upon  a  known  we.ight  of  water  (or  other 
tuistanee  of  known  specific  heat)  for  a  known  length  of  time,  and 

1  For  many  adeutiBc  porpoaea  the  englneedug  calorie  Is  Inconveuieutly  luge, 
■nd  ft  imaJler  one  is  employed,  whlcb  replaces  tlie  kdlograni  of  water  "bj  tbe 
pnm  heated  one  degree— tbe  emaller  calorie  being  thus  only  yg^  of  the  eDgi- 
nceiing  nnlt.  As  stat«d  by  many  writers  (Langley,  for  instauce),  the  eolar  con- 
•UDt  ia  the  niuDber  of  these  tmdU  calories  received  per  aquare  rentimelrt  of 
aariacein  a  minute.  Thta  would  make  tbe  number  2.1  InateadofSl.  Itwould 
periiapsbe  tetter  to  bring  the  whole  down  to  the  "c.g.s.  aystem"  by  subeUtnt- 
Ing  the  aecond  for  the  mlnnte ;  and  thU  would  give  ua  for  tbe  aolar  ci 
■boot  on«-(Atrti«tA  of  n  (smail)  caiorie  per  square  centiTnetre  p«r  eeeond. 
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measuring  tJte  riee  of  temperature.  It  Is  necessary,  howerer,  to  de- 
termine and  allow  for  tbe  heat  received  from  otber  eources  duiiiig  the 
experiment,  and  for  that  lost  by  radiation.  Above  all,  tbe  absorb- 
ing effect  of  our  own  atmosphere  is  to  be  taken  into  account,  and 
this  IB  the  most  difficult  and  uncertain  part  of  the  work,  since  the 
atmospheric  absorption  is  contiaaally  changing  with  ever;  change  of 
the  transparency  of  the  air,  or  of  the  san's  altitude. 

340.  Pyrhaliometen  and  Actinometen.  —  The  instruments  with 
which  these  meaBureiDentB  are  made,  are  known  as  "  pyrheliometers  "  and 
"actinometers."  Pig.  ISO  represents  the  pyr- 
beliometer  of  Pouillet,  with  which  in  1338  be 
made  his  determination  of  the  solar  constant, 
at  the  same  time  that  Sir  John  Herschel  was 
experimenting  at  the  Cape  of  Good  Hope  in 
»  practically   the  same   way.      They  were   the 

first  apparently  to  understand  and  attack  the 
problem  in  a  reasonable  manner.  The  pyr- 
heliometer  consists  essentially  of  a  little  cylin* 
drical  box  ob,  like  a  snuS-box,  made  of  thin 
silver  plat«,  with  a  diameter  of  one  decimetre 
and  such  a  thickness  that  it  holds  100  grams 
of  water.  The  upper  surface  is  carefully 
blackened,  while  the  rest  b  polished  as  brill- 
iantly aa  possible.  In  the  water  is  inserted 
the  bulb  of  a  delicate  thermometer,  and  the 
whole  is  so  mounted  that  it  can  be  turned  in 
__^_  any  direction  so  as  to  point  it  directly  towards 

M    W^  the  sun.     It  la  used  by  first  holding  a  screen 

M      I  between  it  and  the  bud  for  (say)  five  minutes, 

'*      I  and  watching  the  rise  or  fall  of  the  mei-cury  in 

I  tiie  thermometer  at  m.     There  will  usually  be 

I  some  slight  change  due  to   the  radiation  of 

W  surrounding  bodies.     The  screen  is  then  re- 

moved, ami  the  sun  is  allowed  to  shine  npoa 
ns.m.-Pooni.r.Prrt.eHoni.ier.  the  blackened  surface  for  five  minutes,  the 
instrmiient  lieing  continually  turned  upon 
the  thermometer  as  an  asis,  in  order  lo  keep  tlie  water  in  the  calorimeter 
box  well  stirred.  At  the  end  of  the  five  minutes  the  screen  is  replaced 
and  the  rise  of  the  temperature  noted.  The  difference  between  this  and 
the  change  of  the  tlierrnomeler  during  the  first  five  minutes  will  give  us  the 
amount  by  nhich  a  beam  of  sunlight  one  decimetre  in  diameter  has  raised 
the  temperature  of  100  grams  of  water  in  five  minutes,  and  were  it  not  for 
the  troublesome  corrections  which  must  be  made,  would  furnish  direcUy  the 
value  of  the  solar  constant. 
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S41 .  The  aecond  apparatus,  Fig.  121,  is  the  sctinometer  of  Violle,  which 
consisU  of  two  concentric  metal  spheres,  the  inner  of  which  is  blackened  on 
the  inside,  whils  the  enter  one  is  brightly  polished,  the  space  between  tha 
two  being  filled  vrith  water  at  a  known  temperature,  kept  circulatbg  by  a 
pamp  of  some  kind.  The  thermoBCopic 
bodj  io  this  caae,  instead  of  being  a  box 
filled  with  water,  is  the  blackened  bulb 
of  the  thermometer  T;  and  the  obser- 
vations may  be  made  either  in  the  same 
way  as  with  the  pyrheliometer,  or  simply 
by  noting  the  difference  between  the 
temperature  finally  attained  by  the  ther- 
mometer T  after  it  has  ceased  to  rise  in 
the  son's  rays,  and  the  temperature  of 
tbe  water  circulating  in  the  sfaeU. 

342.  Correction  for  Atnuwplierio 
Abiorption.  —  The  correction  for  at- 
mospheric absorption  is  determined  by 
making  observations  at  various  altitudes 
of  the  sun  between  zenith  and  horizon.  - 
If  the  rays  were  homogeneoia  (that  is,  Fio.iii — Violle'*  Aednomeier. 
all  of  one  wave-lengtii),  it  would  be 

comparatively  easy  to  deduce  the  true  correction  and  the  true  value  of 
the  solar  constant.  In  fact,  however,  the  viiibie  solar  spectrum  is  but  a 
small  portion  of  the  whole  spectrum  of  the  sun's  radiance,  and,  as  Langley 
has  shown,  it  is  necessary  to  determine  the  coefficient  of  absorption  separately 
for  all  the  rays  of  different  wave-length. 

343.  The  Bolometer.  —  This  be  has  done  by  means  of  his  "  Bolometer," 
an  instrument  which  is  capable  of  indicating  exceedingly  minute  changes  in 

the  amount  of  radiation  received  by  an  extremely  thin  strip  of  metal.  This 
strip  is  BO  arranged  that  the  least  change  in  its  electrical  retiistance  due  to 
any  change  of  temperature  will  disturb  a  delicate  galvanometer.  The 
instrument  is  far  more  sensitive  than  any  thermometer  or  even  thermo- 
jule,  and  has  the  especial  advantage  of  being  extremely  quick  in  its  re- 
sponse to  any  change  of  rndiation.  Fig.  122  shows  it  so  connected  with 
a  spectroscope  that  the  observer  can  bring  to  the  bolometer,  B,  rays  of 
any  wave-length  he  chooses.  The  rays  enter  through  the  collimator  lens 
L,  and  are  then  refracted  by  the  rock-salt  prism  P  (or  diffracted  by  a 
grating)  to  the  reflector  M,  whence  they  are  sent  back  to  B,  and  thus  pro- 
duce their  electrical  effect,  which  is  transmitted  to  the  galvanometer.  As 
the  galvanometer  needle  swings  one  way  or  the  other,  a  pencil  of  light 
lefleeted  from  it  falls  upHDn  a  sensitive  photographic  plate  which  is  moved 
by  the  same  clockwork  (not  shown  in  the  figure)  which  moves  the  prism; 
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and  as  a  oonaaqnenoe  the  spot  of  light  tracee  out  upon  the  plata  an  irr^nlar 
cnrre,  in  which  the  "  hills  "  correspond  to  rise  of  temperature,  and  the  "  Tsi- 
leyB  "  to  cooler  places  in  the  tpeo- 
trum.  The  curve  maj  then  be 
iransformed  into  a  spectrura-map 
of  the  usual  form, — a  "  holo- 
graph," as  it  is  called.  Fig.  123* 
is  from  Langlej's  paper  of  1894. 
Langley  conaidered  the  atmoa- 
pheric  corrections  applied  bjr  the 
earlier  observers  too  low,  and  for 
some  yearn  the  adopted  value  of 
the  solar  constant  was  from  35  to 
80.  Scheiner  (1899)  conNdered 
40  as  more  probable,  but  on  the 
other  hand  the  Smithsonian  ob- 
servations of  1903-1003,  as  also 
those  of  1907,  give  from  19  to 
21.  It  may  be  found  that  the 
supposed  "constant"  is  widely 
,  variable. 

341.    A  less  technical  Btate- 

^°-  '^  ment  of  the  solar  radiation 

^^^l.^^^^Jtlr^^T.r^.  """""*    maybe  made  in  torma  of  thick- 

ness  of  the  quantity  of  ice 

which  would  bo  melted  by  it  in  a  given  time.    Since  it  requires  79^ 

calorics  to  melt  a  kilogram  of  ice  with  a  density  of  0.92,  it  follows 

that  21  calories  a  minute  would  melt  in  an  hour  a  sheet  of  ioe  one 

metre  square  and  17.3  millimetres  (0.68  inch)  thick.     According  to 

this,  the  sun's  heat  would  melt  about  158  feet  of  ioe  annually  on  the 

earth's  equator,  or  124  feet  yearly  over  the  earth's  entire  surface  if 

the  heat  were  equally  distributed  in  all  latitudes. 

(See  note  at  the  end  of  the  chapter,  p^e  247.) 


no.  12Z>.  — Bologniph  of 


346.    Solar  Heat  Expressed  as  £ner^. —  Since,  according  to  the 
known  valne  of  the  ■'mechanical  equivalent  of  heat  "(Physics,  p.  199), 
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a  hone-power  corresponds  to  aboat  10^  oalories  per  minate,  it  fol- 
lovB  that  each  tquare  metre  of  surface  (neglecting  the  air-absorptioo) 
would  receive,  when  the  tun  it  overhead,  a  little  less  than  two  horae- 
prtwer  continuously.  Atmospheric  absorption  cute  this  down  to 
about  one  and  one-fourth  horse-power,  of  which  about  one-eighth 
can  be  actnallj  utilized  by  properly  constructed  machinery,  as,  for 
instance,  the  solar  engines  of  Ericsson  and  Monchot  (see  Langley's 
"New  Astronomy").  In  Ericsson's  apparatus  the  refiector,  aboat 
11  feet  by  16  feet^  collected  heat  enough  to  work  a  three-horse- 
power engine  very  welL  Taking  the  earth's  surface  as  a  whole,  the 
ene^^  received  during  a  year  ^gregatcs  about  a  hundred  mile-tons  for 
every  square  foot.  That  is  to  say,  the  heat  annuaUy  received  on  each 
square  foot  of  the  earth's  surface,  if  employed  in  a  perfect  heat  engine, 
would  be  able  to  hoist  about  a  hundred  tons  to  the  height  of  a  mUe. 

346.  Bolar  Bsdiatioii  at  the  Bun'i  Surface.  —  If,  now,  we  estimate 
the  am.ount  of  radiation  at  the  sun's  anifaoe  itself,  we  come  to  results 
which  are  simply  amazing  and  beyond  comprehension.  It  is  neces- 
sary to  multiply  the  solar  constant  observed  at  the  earth  (which  is 
at  a  distance  of  93  000000  miles  from  the  sun)  by  the  square  of  the 
ratio  between  93  000000  and  433250,  the  radius  of  the  sun.  This 
square  is  about  46000  ;  in  other  words,  the  amount  of  heat  emitted 
in  a  minute  by  a  square  metre  of  the  sun's  surface  is  about  46000 
times  as  great  as  that  received  by  a  square  metre  at  the  earth. 
Carrying  out  the  calculations,  we  find  that  this  heat  radiation  at  the 
surface  of  the  sun  amounts  to  nearly  1  000000  calories  per  square 
metre  per  minute;  that  it  is  about  90000  horse-power  per  square 
metre  continuously  acting ;  that  if  the  sun  loere  frozen  over  completely 
to  a  depth  of  forty-Jive  feet,  the  heat  emitted  is  svfficient  to  melt  this 
whole  shell  in  one  minute  of  time;  that  if  an  ice  bridge  could  be 
formed  from  the  earth  to  the  sun  by  a  column  of  ice  two  and  one- 
half  miles  square  at  the  base  and  extending  across  the  whole 
93  000000  of  miles,  and  if  by  some  means  the  whole  of  the  solar 
radiation  could  be  concentrated  upon  this  column,  it  would  be  melted 
in  one  second  of  time,  and  in  between  seven  and  eight  seconds  more 
would  be  dissipated  in  vapor.  To  maintain  such  a  development  of 
heat  by  combustion  would  require  the  hourly  burning  of  a  layer  of  the 
best  anthracite  coal  from,  nineteen  to  twenty-four  feet  thick  over  the 
sun's  entire  surface,  —  over  a  ton  for  every  square  foot,  —  at  least 
tea  times  as  much  as  the  consumption  of  the  most  powerful  blast 
furnace  in  existence.  At  that  rate  the  sun,  if  made  of  solid  coal, 
would  not  last  6000  years. 
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347.  Waste  of  Solar  Heat.  —  These  estimates  are  of  course  based  on 
the  asauinptioii  that  the  sun  radiates  heat  equally  io  all  directions,  and  there 
IH  no  asttign&hle  reason  why  it  should  not  do  so.  On  this  assumption,  how- 
ever, so  far  as  vre  can  see,  only  a  minute  fraction  of  the  whole  radiation  ever 
reaches  a  reHtiiig-place.  The  earth  receives  about  suFiiVTTTiiiiiTr  °^  ^^^  whole, 
and  the  other  planets  of  the  solar  system,  with  the  comets  and  the  met«ors, 
get  also  their  shares;  all  of  them  together,  perhaps  ten  or  twenty  times  as 
iiiuch  as  the  earth.  Something  like  Ttnnj'oootro  •'^  '■''^  whole  Beems  to  be 
utilized  within  the  limits  of  the  solar  system.  As  for  the  rest,  science  can- 
not yet  tell  what  becomes  of  it.  A  part,  of  course,  reaches  distant  stars  and 
other  objects  in  interstellar  space  ;  but  by  far  the  larger  portioD  seems  to  be 
"wasted,"  according  to  our  human  ideas  of  waste. 

348.  Experiments  with  the  thermopile,  first  conducted  by  Henry 
at  Princeton  in  1845,  show  that  the  heat  from  the  edges  of  the  sun's 
disc,  lilce  tlie  light,  is  less  than  that  from  the  centre  —  according  to 
Langley's  measurements  about  lialf  as  much.  The  explanation  evi- 
dently lies  in  its  absorption  by  the  solar  atmosphere. 

349.  The  Son's  Temperature.  —  While  we  can  measure  with  some 
accuracy  the  quantity  of  heat  sent  us  by  the  sun,  it  is  different  with 

its  temperature,  in  respect  to  which  we  can  only  say  that  it  must  be 
very  high — much  higher 
than  any  temperature 
attainable  by  known 
methods  on  the  surface 
of  the  earth. 

This   is   shown  by  a 
number  of  facts,  for  in- 
stance, by  the  great  abun- 
dance of  the  violet  and  ultra-violet  rays  in  the  sunlight. 

Again,  by  the  penetrating  power  of  sunlight ;  a  large  percenta^ 
of  the  heat  from  a  common  fire,  for  instance,  being  stopped  by  a 
plate  of  glass,  while  nearly  tlie  whole  of  the  solar  radiation  passes 
through. 

The  most  impressive  demonstration,  however,  follows  from  this 
fact ;  viz.,  that  at  the  focus  of  a  powerful  burning-lens  all  known 
substances  melt  and  vaporize,  as  in  an  electric  arc  Now  at  the 
focus  of  the  lens  the  limit  of  the  temperature  is  that  which  would 
be  produced  by  the  sun's  direct  radiation  at  a  point  where  the  sun's 
angular  diameter  equals  that  of  the  burning-lens  itself  seen  from 
the  focus,  as  represented  in  Fig.  123.  An  object  at  F  would  theo- 
retically (that  is,  if  there  was  no  loss  of  beat  conducted  away  by 
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surrounding  bodies  and  by  the  atmospbere)  reach  the  same  tempera- 
ture as  if  carried  to  a  point  where  the  aun's  angular  diameter  equals 
the  angle  LFL'.  In  the  most  powerful  burning-lenses  yet  constructed 
a  body  at  the  focus  is  thus  virtually  carried  up  to  within  about 
240000  miles  of  the  sun's  surface,  where  its  apparent  diameter  would 
be  about  80°.  Here,  as  has  been  said,  the  most  refractory  substances 
are  immediately  subdued.  If  the  earth  were  to  approach  the  sun  as 
near  as  the  moon  is  to  us,  she  would  melt  and  be  vaporized. 

360.  Ericsson  in  1872  made  an  exceediugly  ingenious  and  interesting 
Bxperiineut  illuBtratiog  the  intensity  of  the  solar  heat.  He  floated  a  calo- 
rimeter, containing  about  ten  pounds  of  water,  upon  the  surface  of  a  large 
mass  of  molten  iron  bj  means  of  a  raft  of  fire-brick,  and  found  that  the 
radiation  of  the  metal  was  a  trifle  over  250  caloriea  per  minute  for  each 
square  foot  of  surface  ;  which  is  only  ^^^  part  of  the  amount  emitted  by 
the  same  area  of  the  sun's  surface.  He  estimated  the  temperature  of  the 
metal  at  3000"  F.  or  1649=  C. 

351.  EfiectiTe  TempeTBtnre.  - — The  question  of  the  sun's  tempera^ 
ture  ia  embarrassed  by  the  fact  that  it  has  no  one  temperature ;  the 
temperature  at  different  parts  of  the  solar  photosphere  and  cbromo- 
sphere  must  be  very  different.  We  evade  this  difficulty  to  some 
extent  by  substituting  for  the  actual  temperature,  as  the  object  of 
inquiry,  what  has  been  called  the  sun's  "effective  temperature";  that 
is,  the  temperature  which  a  sheet  of  lampblack  must  have  in  order 
to  radiate  the  amount  of  beat  actually  thrown  off  by  the  sun. 
(Physicists  have  taken  the  radiating  power  of  lampblack  as  unity.) 
If  we  could  depend  upon  the  laws '  deduced  from  laboratory  experi- 
ments, by  which  it  has  been  sought  to  connect  the  temperature  of 
the  body  with  its  rate  of  radiation,  the  matter  would  then  be  com- 
paratively simple :  from  the  known  radiated  quantity  of  heat  (in 
calories)  we  could  compute  the  effective  temperature  in  degrees. 
But  at  present  it  ia  only  by  a  very  unsatisfactory  process  of  extra- 
polation that  we  can  reach  conclusions.  The  sun's  temperature  is 
so  much  higher  than  any  which  we  can  manage  in  our  laboratories, 
that  there  is  not  yet  much  certainty  to  be  obtained  in  the  matter. 

'  A  numlier  of  such  laws  have  been  formulsiled ;  for  instance,  the  well-known 
law  of  DuJong  and  Petit.  Pouillet  and  Vicaire,  using  this  formula,  have  deduced 
values  for  the  sun's  elective  temperature  ranging  from  1500°  and  2500°  C. 
Ericsson  and  Seech!,  using  Newton's  law  of  radiation  (which,  however.  Is  cer- 
tainly inapplicable  under  the  circumstances),  put  the  figure  among  the  millions. 
Wilson  and  Gray's  results  agree  nearly  with  Stefan's  "fourth  power"  law  ;  viz., 
t—  H*,  t  being  the  "  absolute"  temperature,  and  k  a  constant,  depending  on 
the  tabetance  which  radiates. 
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Wilson  and  Gray,  the  moat  recent  and  reliable  iaTestdgators,  from 
their  work  in  1894-95,  get  8000°  C.  or  14440°  F.  for  the  effectiTe 
temperature.  Almost  certainly  it  lies  somewhere  between  10000° 
and  20000"  F. 

353.  ConBt«no7  of  the  Sos'i  Heat.  —  It  is  an  interesting  and  thua 
far  unsolved  problem,  whether  the  total  amount  of  the  sun's  radia- 
tion varies  perceptibly  at  different  times.  It  is  only  certain  that 
the  variations,  if  real,  are  too  small  to  be  detected  by  our  present 
means  of  observation.  Possibly,  at  some  time  in  the  future,  ob- 
servations on  a  mountain  summit  above  the  main  body  of  our 
atmosphere  may  decide  the  question. 

It  is  not  unlikely  that  changes  in  the  earth's  climate  each  as 
have  given  rise  to  glacial  and  carboniferous  periods  may  ultimately 
be  traced  to  the  condition  of  the  sun  itself,  especially  to  changes  in 
the  thickness  of  the  absorbing  atmosphere,  which,  as  Langley  hafl 
pointed  out,  must  have  a  great  influence  in  the  matter.  Since  the 
Christian  era,  however,  it  is  certain  that  the  amount  of  heat  annually 
received  from  the  sun  has  remained  practically  unchanged.  This  is 
inferred  from  the  distribution  of  plants  and  animals,  which  is  still 
substantially  the  same  as  in  the  days  of  Fliny. 

369.  Xaintenance  of  the  Bolar  Heat  —  The  question  at  once 
arises,  if  the  sun  is  sending  off  such  an  enormous  quantity  of  heat 
annually,  how  is  it  that  it  does  not  grow  cold  1 

(a)  The  sun's  heat  cannot  be  kept  up  by  combustion.  As  has 
been  said  before,  it  would  have  burned  out  long  ago,  even  if  made 
of  solid  coal  burning  in  oxygen. 

(i)  !Nor  can  it  be  simply  a  heated  body  cooling  down.  Huge  as  it 
is,  an  easy  calculation  shows  that  its  temperature  must  have  fallen 
greatly  within  the  last  2000  years  by  such  a  loss  of  heat,  even  if  it 
had  a  specific  heat  higher  than  that  of  any  known  substance. 

As  matters  stand  at  present,  the  available  theories  seem  to  be 
reduced  to  two,  —  that  of  Mayer,  which  ascribes  the  solar  heat  to 
the  energy  of  meteoric  matter  falling  on  the  sun ;  and  that  of  Helm- 
holtz,  who  finds  the  cause  in  a  slow  contraction  of  the  sun's  diameter. 

354.  Meteoric  Theory  of  Son't  Heat.  —  The  first  is  based  on  the 
fact  that  when  a  moving  body  is  stopped,  its  mass-energy  becomes 
molecular  energy,  and  appears  mainly  as  heat.  The  amount  of  heat 
developed  in  such  a  case  is  given  by  the  formula 
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in  which  Q  is  the  number  of  oalories  of  heat  produced,  M  the  mass 
of  the  moving  bodj  in  kilograms,  and  V  its  velocity  in  metres  per 
second;  the  denominator  is  the  "mechanical  equivalent  of  heat" 
(Physics,  p.  9S)  multiplied  by  2g  expressed  in  metres  ;  i.e., 
425  X  2  X  9.81. 

Now,  the  velocity  of  a  body  coming  from  any  considerable  dis- 
tance and  falling  into  the  sun  can  be  shown  to  be  about  380  miles 
per  second,  or  more  than  610  kilometres.  A  body  weighing  one 
kilogram  would  therefore,  on  striking  the  sun  with  this  velocity, 
produce  about  45  000000  calories  of  heat, 

r(6ioooo)n 

L     8339     J" 
This  is  6000  times  more  than  could  be  produced  by  fAiming  it,  even  it 
it  were  coal  or  solidified  hydrogen  burning  in  pure  oxygen. 

Now,  as  meteoric  matter  ia  continually  falling  upon  the  earth,  it 
must  be  also  falling  upon  the  sun,  and  in  vastly  greater  quantities, 
and  an  easy  calculation  shows  that  a  quantity  of  meteoric  matter 
equal  to  ^  of  the  earth's  mass  striking  the  sun's  surface  annually 
with  the  velocity  of  600  kilometres  per  second  would  account  for  its 
whole  radiation. 

36S.  Objootioni  to  Heteorio  Theory  of  Bun's  Heat.  —  There  can  be 
no  question  that  a  certain  fraction  of  the  sun's  heat  is  obtained  in 
this  way,  but  it  is  very  improbable  that  this  fraction  is  a  lai^  one ; 
indeed,  it  is  hardly  possible  that  it  can  be  as  much  as  one  per  cent 
of  the  whole. 

(1)  The  auDual  fall  on  the  sun's  surface  of  such  a  quantify  of  meteoric 
matter  implies  the  presence  near  the  bud  of  a.  v&stly  greater  mass  ;  for,  as 
we  sh&ll  see  hereafter,  only  a  few  of  the  meteors  that  approach  the  sun  from 
outer  space  would  strike  the  surface  ;  most  of  them  would  act  like  the  comets 
aud  swing  aroand  it  without  touching.  Kow,  if  there  were  any  considerable 
quantity  of  such  matter  near  the  aun,  there  would  result  disturbances  in  the 
motions  of  the  planets  Mercuiyand  Veuos,  such  as  obseiTatioii  does  not  reveal 

(2)  Professor  Peirce  has  shown  further  that  if  the  heat  of  the  sun  were 
produced  in  this  way,  the  earth  ought  to  receive  from  the  meteors  that 
strike  her  surface  about  half  as  much  heat  as  she  geta  from  the  sun.  Now 
the  quantity  of  meteoric  matter  which  would  have  to  fall  upon  the  earth  to  - 
furnish  us  daily  half  as  much  heat  as  we  receive  from  the  sun  would 
■mount  to  nearly  fifty  tons  for  each  square  mile.  It  is  not  likely  that  we 
actually  get  m  oioooo  °^  ^^^  amount.  It  b  difficult  to  determine  the 
amount  of  heat  which  the  earth  actually  does  receive  from  meteors,  but  all 
observations  indicate  that  the  quantity  is  extremely  small.     The  writer  hae 
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estimated  it,  from  the  best  data  attainable,  as  less  in  a  year  than  we  get 
from  the  sun  in  a  second. 

SS6.  Helmholts't  Theory  of  Solar  Contraction.  —  We  seem  to  be 
shut  up  to  the  theory  of  Helmholtz,  now  almost  universally  accepted ; 
namely,  that  the  heat  necessary  to  maintain  the  sun's  radiation  is 
principally  supplied  by  the  slow  contraction  of  its  bulk,  aided,  how- 
ever, by  the  accompanying  liquefaction  and  solidification  of  portions 
of  its  gaseous  mass.  When  a  body  falls  through  a  certain  distance, 
gradually,  against  resistance,  and  then  comes  to  rest,  the  same  total 
amount  of  heat  is  produced  as  if  it  had  fallen  fretly,  and  been 
stopped  instantly.  If,  then,  the  sue  does  contract,  heat  is  necessarily 
produced  by  the  process,  and  that  in  enormous  quantity,  since  the 
attracting  force  at  the  solar  surface  is  more  than  twenty-seven  times 
as  great  as  terrestrial  gravity,  and  the  contracting  mass  is  immense. 
In  this  process  of  contraction  each  particle  at  the  surface  moves 
inward  by  an  amount  equal  to  the  diminution  of  the  sun's  radius  : 
a  particle  below  the  surface  moves  less  and  under  a  diminished 
gravitating  force ;  but  every  particle  in  the  whole  mass,  excepting 
only  that  at  the  exact  centre  of  the  globe,  contributes  something  to 
the  evolution  of  heat.  In  order  to  calculate  the  precise  amount  of 
heat  evolved  by  a  given  shrinkage,  it  would  be  necessary  to  know 
the  law  of  increase  of  the  sun's  density  from  the  surface  to  the 
centre  ;  but  Helmholtz  has  shown  tliat  under  the  most  unfavorable 
conditions  a.  contraction  of  the  saji's  diatneter  of  about  60  metres  or 
200  feet  a  year  (100  feet  in  the  sun's  radius)  would  account  for  the 
w/iole  annual  output  of  heat.  This  contraction  is  so  slow  that  it 
would  be  quite  imperceptible  to  observation.  It  would  require  very 
nearly  10000  years  to  reduce  the  sun's  diameter  by  a  single  second  of 
arc ;  and  nothing  much  less  would  be  certainly  detectable  by  our 
measurements.  If  the  contraction  is  more  rapid  than  this,  the  mean 
temperature  of  the  sun  must  be  actually  rising,  notwithstanding  the 
amount  of  heat  it  is  losing.  Long  observation  alone  can  determine 
whether  this  is  really  the  case  or  not. 

307.  Land's  Law.  —  it  is  a  remarkable  fact,  first  demonstrat^ij  by  Lane 
of  Washington,  in  1S70,  that  a  gaseous  sphere,  losing  heat  by  radiation  and 
contracting  under  its  own  gravity,  mutt  rise  in  temperature  and  actually  groie 
holler,  until  it  ceases  to  be  a  "  perfect  gas,"  either  by  beginning  to  liquefy, 
or  by  reaching  a  density  at  which  the  laws  of  perfect  gases  no  longer  hold. 
The  kinetic  energy  developed  by  the  shrinkage  of  a  gaseous  mass  is  more 
than  sufficient  to  replace  the  lufts  of  heat  which  caused  the  shrinkage.  In 
the  case  of  a  solid  or  liquid  mass  this  is  not  so.  The  shrink^e  of  such  a 
mass  contracting  under  it«  own  gravity  on  account  of  the  loss  of  heat  is 
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never  snUicieRt  to  make  good  the  loss;  but  the  temperature  falls  and  the 
body  cools.  At  present  it  appe&TH  that  in  the  sun  the  relative  proportions 
of  true  gases  and  liquids  are  such  as  to  keep  the  temperature  nearly  station- 
aiy,  the  liquid  portions  of  the  sun  beiag  of  course  the  little  drops  which  are 
supposed  to  constitute  the  clouds  of  the  photosphere. 

358.  Future  Snration  of  tbe  Stax. —  If  this  shrinka^  of  the  Bua's 
diameter  has  been  the  only  source  of  solar  heat,  it  will  follow  in 
time  that  the  sun's  heat  must  come  to  an  end,  and,  looking  back- 
wards, we  see  that  there  must  have  been  a  beginning. 

We  have  not  sufficient  data  to  enable  us  to  calculate  the  future 
duration  of  tbe  sun  with  exactness,  though  an  approsimata  estimate 
can  be  made.  According  to  N^ewcomb,  if  the  sun  maintains  its 
present  radiation,  it  will  have  shrunk  to  half  its  present  diameter 
in  about  5  000000  years  at  the  longest.  Since,  when  reduced  to  this 
size,  it  most  be  about  eight  times  as  dense  as  now,  it  can  hardly  then 
continue  to  be  mainly  gaseous,  and  its  temperature  must  begin  to 
fall.  NewGomb's  conclusion,  therefore,  is  that  it  is  not  likely  that 
the  sun  can  continue  to  give  sufficient  heat  to  support  such  life  on 
the  earth  as  we  are  now  acquainted  with,  for  10  000000  years  from 
the  present  time. 

S59.  Age  of  the  Son.  —  As  to  the  past  of  the  solar  history  on  this 
hypothesis,  we  can  be  a  little  more  definite.  It  is  only  necessary  to 
know  the  present  amount  of  radiation,  and  the  mass  of  the  sun,  to 
compute  how  long  the  solar  fire  can  have  been  maintained  at  its 
present  intensity  by  the  processes  of  condensation.  No  conclusion 
of  geometry  is  more  certain  than  this,  —  that  the  contraction  of  the 
sun  to  its  present  size,  from  a  diameter  even  many  times  greater 
than  Neptune's  otbit,  would  have  furnished  about  18  000000  times 
as  much  heat  as  the  sun  now  supplies  in  a  year,  and  therefore  that 
the  sun  cannot  have  been  emitting  heat  at  the  present  rate  for  more 
than  18  000000  years,  if  its  heat  has  really  been  generated  in  this 
manner. 

But  this  conclunon  rests  upon  the  assumption  that  the  sun  has  derived 
its  heat  solely  in  this  nay,  and  the  recent  discoveries  with  respect  to  radium 
and  radio-iictivity  strongly  suggest  other  causes  which  may  have  added  large 
contributions  and  may  still  be  operative  in  maintaining  the  solar  radiation. 

360.  Conatitation  of  the  Bun.  —  (a)  As  to  the  nature  of  the  main 
body  or  nucleus  of  the  sun,  we  cannot  be  said  to  have  certain  knowl- 
edge. It  is  probably  gaseous,  this  being  indicated  by  its  low  mean 
densi^  and  its  high  temperature — enormously  high  even  at  the 
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surface,  where  it  is  coolest.     At  the  same  time  the  gaseous  matter 

at  the  nucleus  must  be  in  a  very  different  state  from  gases  as  we 
commonly  know  them  in  our  laboratories,  on  account  of  the  intense 
heat  and  the  extreme  condensation  by  the  enormous  force  of  solar 
gravity.  The  central  mass,  while  still  strictly  gaseous,  because  ob- 
serving the  three  physical  laws  of  Boyle,  Daltou,  and  Gay  Lussac, 
which  characterize  gases,  would  be  denser  than  water,  and  viscous ; 
probably  something  like  tar  or  pitch  in  consistency.' 

While  this  doctrine  of  the  gaseous  constitution  of  the  sun  is  gener- 
ally assented  to,  there  are  still  some  who  are  disposed  to  consider 
the  great  mass  of  the  sun  as  liquid. 

361.  (6)  The  photosphere  ie  probably  a  shell  of  ineandeaeeta 
clouds,  formed  by  the  condensation  of  the  vapors  which  are  exposed 
to  the  cold  of  apace. 

The  minute  particles  of  which  the  photosphere  is  compoaed  being  liquid, 
or  possibly  some  of  them  solid,  have  a  radiatiDg  power  enormously  greater 
than  that  of  the  gaaeg  in  which  they  float,  though  the  temperature  ie  practi- 
cally the  same.  As  a  source  of  light  and  heat  the  photosphere  acts  in  the 
same  way  as  the  "mantle"  of  a  Weltbach  burner. 

362.  (c)  The  photospheric  clouds  float  in  an  atmosphere  contain- 
ing, still  uncondensed,  a  considerable  quantity  of  the  same  vapors 
out  of  which  they  themselves  have  been  formed,  just  as  in  our  own 
atmosphere  the  air  around  a  cloud  is  still  saturated  with  water  vapor. 
This  vapor-laden  atmosphere,  probably  comparatively  shallow,  con- 
stitutes the  reversing  layer,  and  by  its  selective  absorption  produces 
the  dark  lines  of  the  solar  spectrum,  while  by  its  general  absorption 
it  probably  produces  the  darkening  at  the  limb  of  the  sun. 

But  it  will  be  remembered  that  Mr.  Lockyer  and  others  are  disposed  to 

question  the  existence  of  any  such  shallow  absorbing  stratnra,  considering 
that  the  absorption  takes  place  in  all  regions  of  the  solar  atmosphere  even 
to  a  great  elevation. 

'  The  law  of  Dalton  (Physics,  p.  218)  is,  that  any  number  of  different  gaaea 
and  vapors  tend  to  distrOmte  (Aemwlcet  throughout  the  »pace  which  they  oeatpy  in 
common,  each  aaifthe  others  mere  otuenl.  The  Uw  of  Boyle  or  Mariotte  (Physics, 
p.  118}  Is,  that  at  an]/  given  temperature  the  volume  of  any  given  amount  of  gas 
varies  inversely  uiith  the  pressure;  ie.,  pv  =  p'v'.  The  law  of  Gaj  Luasac 
(Physics,  p.  222)  is,  tliat  a  gas  under  conatani  pressure  expands  in  volume  uni- 
formtj/  under  uniform  increment  of  temperature,  bo  that  F.  =  Vo  (1  -f  at).  This 
is  not  true  of  vajiors  in  presence  of  the  liquids  from  which  they  have  been  evap- 
orated ;  for  instance,  o{  steam  in  a  boiler. 
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S63.  (d)  The  ehromotphere  and  pr(tminenceB  arQcomiicmedottiiB 
permanent  gates,  mainly  hydrogen  and  helium,  whioh  are  mingled 
with  the  vapors  of  the  reTersing  stratum  in  the  region  near  the 
photosphere,  but  usually  rise  to  far  greater  elevations  than  do  the 
vapors.  The  appearances  are  for  the  most  part  as  if  the  chromo- 
sphere was  formed  of  jets  of  heat«d  hydrogen  ascending  throi^h 
tie  interspaces  between  the  photospherio  clouds,  like  flames  playing 
over  a  coal  fire. 

364  (e)  The  corona  also  lests  on  the  photosphere,  and  the  pecu- 
liar green  line  of  its  spectrum  (Art.  329)  is  brightest  just  at  the 
surface  of  the  photosphere,  in  the  reversing  stratum  and  in  the 
ehromoephere  itself;  but  the  corona  extends  to  a  far  greater  eleva- 
tion than  even  the  prominences  ever  reach,  and  seems  to  be  not 
wholly  gaseoos,  but  to  contain,  besides  the  hydrogen  and  the  mys- 
terious "coroninm,"  dust  and  fog  of  some  sort,  perhaps  meteoric. 
Many  of  its  phenomena  are  as  yet  unexplained,  and  since  it  can 
only  be  observed  during  the  brief  moments  of  total  solar  eoUpses, 
progress  in  its  study  is  necessarily  slow. 

364*.  (Note  to  Art.  344.)  T&king  the  solar  constant  at  21  cal.  per 
square  metre  per  minute,  the  amount  of  heat  falling  upon  a  square  metre 
in  an  hour  would  raise  12fl0  kilognms  (or  cubic  decimetres)  of  water  1"  C. 
in  temperature.  Since  the  "heat  of  fusion  "of  iceia  79.25,  this  would  melt 
^^,  or  15.9,  kgms.  of  ice ;  and  the  specific  gravity  of  ice  being  0.92,  this 
would  correspond  to  ^g,  or  17.3,  cubic  decimetres,  which  spread  over  a 
square  metre  would  make  a  thickness  of  17. S™*"  or  O.SS'q. 

The  total  heat  received  by  the  earth  is  that  intercepted  by  its  diametrical 
•action,  or  the  area  of  one  of  its  great  circles. 

The  thickness  of  the  sheet  of  ice  melted  annually  upon  this  circular  plane 
would  be  17.3"'"  x  24  x  385^  ==^  151.5  metres,  or  497  feet.  On  a  narrow 
equatorial  belt  the  thickness  melted  would  be  it^s"  =  48.2  metres,  or  158 
feet,  since  such  a  belt  intercepts  the  rays  that  otherwise  would  fall  upon  a 
diametrical  strip  of  the  same  width  on  the  droular  plane.  If  the  sun's  h^t 
were  uniformly  distributed  over  the  whole  surface  of  the  earth,  the  area  of 
which  equals  four  great  circles  (4vt^,  it  could  melt  an  ice  sheet  having  a 
thickness  of  u^~,  or  37.9>°  (124.2  feet).  It  must  be  remembered,  how- 
ever, that  the  value  of  the  solar  constant  ia  likely  to  be  in  error,  perhaps  as 
much  as  ten  per  cent ;  and  all  the  numbers  above  given  ate  affected  by  the 
same  uncertainty. 

It  is  true  that  at  the  seo-tevel  the  solar  constant  is  much  diminished  by 
atmospheric  absorption;  and  probably  does  not  equal  eighteen  calories  per 
nuDUte  directig  received  front  the  sun's  rays.  But  a  large  part  of  the  solar 
heat  absorbed  by  the  atmosphere  reaches  the  earth's  surface  indirectly  through 
the  wanning  of  the  atmosphere,  so  that  it  must  not  be  considered  as  lost  to 
the  earth  because  not  directly  measurable  by  the  actinometer. 
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CHAPTER  XI. 

ECLIPSES:  FORM  AND  DIMENSIONS  OF  SHADOWS.  —  LtmAB 
ECLIPSES.  —  SOLAR  ECLIPSES.  —  TOTAL,  ANNULAR,  ASD  PAR- 
TIAL.—  ECLIPTIC  LIMITS  AND  NUMBER  Off  BCLIP8B8  IH  A 
YEAR.  —  THE  8AROB.  —  OCCULTATIONS. 

365.  The  word  eclipse  (Greek  IkX^kIik)  is  strictly  a  medical  term, 
meaning  a  faint  or  mnoon.  AstroDoinicall;  it  is  ^plied  to  the  dork- 
eniDg  of  a  Leavenl;  bodj,  especially  of  ttie  sun  or  mooQ,  though 
some  of  the  eatelHtee  of  other  planets  besides  the  eacth  are  also 
"eclipsed"  from  time  to  time.  An  eclipse  of  the  ttioon  is  caused 
by  its  passage  through  the  shadow  of  the  earth ;  an  eclipse  of  the 
aun,  by  the  interposition  of  the  moon  between  the  sun  and  the  ob- 
server,  or,  what  comes  to  the  same  thing,  by  the  passage  of  tlie 
moon's  shadow  over  die  observer. 

366.  Shadows.  —  If  interplanetary  apace  were  slightly  dnsty,  we 
should  see,  accompanying  the  earth  and  moon  and  each  of  the 
planets,  a  long  black  ahadow  pnijecting  behind  it  and  travelling 
with  it.  Geometrically  speaking,  this  shadow  of  a  body,  the  eai-th 
for  instance,  is  a  aolid^-not  a  surface.  It  is  the  tyxxce  from  which 
sunlight  is  excluded.  If  we  regard  the  snii  and  other  heavenly 
bodies  as  trulv  spherical,  theee  shadows  are  cones  with  tiieir  axes 
in  the  line  joining  the  centres  of  the  sun  and  the  shadow -casting 
body,  the  point  being  always  directed  away  from  the  sun,  because 
the  snn  is  always  the  larger  of  the  two. 

367.  Bimeniions  of  the  Earth's  Shadow. — The  length  of  tlie 
shadow  is  easily  found.  In  Fig.  124  we  have  from  the  similar 
triangles  OED  nmi  ECa,  OD  :  Ea  : :  OE :  EC  or  I.  OD  is  the  dif- 
ference between  the  radii  of  the  siiu  and  the  earth,  =  fl  —  r. 
Ea  =  r,  and  OE  is  the  distance  of  the  earth  from  the  sun  =  &. 

(The  fractional  factor  is  constant,  since  the  radii  of  the  sun  and 
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earth  are  fixed  quantities.  Substituting  the  values  of  the  ladii,  we 
find  it  to  be  to^bO  This  gives  867200  miles  for  the  length  of  the 
earth's  shadow  wheu  A  has  its  mean  value  of  93  000000  miles,  regard- 


tba  Buth-i  Shwtow. 


ing  the  earth  as  a  perfect  sphere  and  taking  its  mean  radius.  This 
leugth  varies  about  14000  miles  on  each  side  of  the  mean  as  the 
earth  changes  its  distance  from  the  sun. 

The  semi-uigle  of  the  cone  (the  angle  ECb,  or  ECB  ia  the  figure)  is 
found  an  followe:   Since  OEB  ia  exterior  to  the  triangle  BEC, 

OEB  =  EBC  -r-  BCE, 

BCE  =  OEB  -  EBC. 

Xow,  OEB  is  the  tun's  apparent  semi-diameler  as  seen  from  the  earth,  and 
EBC  is  the  earth's  semi-diameter  as  seen  from  the  sun,  which  is  the  same 
tbing  as  the  aun't  horixoalal parailax  (Art.  88). 

Putting  S  for  the  sun's  semi-diameter,  and  p  for  its  parallax,  we 
have  — 

Semi-angle  at  C^S — p.* 

From  the  cone  aCb  all  sunlight  is  excluded,  or  would  be  were  it 
not  for  the  fact  that  the  atmosphere  of  the  earth  by  its  refraction 
bends  some  of  the  raja  into  this  shadow.  The  effect  is  to  make  the 
shadow  a  little  larger  in  diameter,  but  less  perfectly  dark. 


368.  Fenumhra.  —  If  we  draw  the  lines  Ba  and  Ab,  c 
C"  between  the  earth  and  the  sun,  they  will  bound  the  penumbra. 
Within  this  space  a  part,  but  not  the  whole,  of  the  sunlight  is  cut 
oft :  an  observer  outside  of  the  shadow,  but  within  this  cone-frustum, 
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wMcb  tapera  towards  the  Ban,  would  see  the  euth  as  a  black  body 
encroaching  on  the  buq'b  diac.  The  aemi^angle  of  the  penumbra  ECa 
la  easily  shown  toi)&  S  +p. 

369.  Although  ffeometricaUy  the  booRdaries  of  the  shadow  and 
pennmbra  are  perfectly  definite,  they  are  not  so  optically.  If  a  ecreeo 
were  placed  at  Jf  (Fig.  124)  perpendicular  to  the  axle  of  the  shadow, 
DO  sharply  defined  lines  would  mark  the  boundaries  of  either  shadow 
or  penumbra ;  near  the  edge  of  the  shadow,  the  penumbra  would 
be  very  nearly  as  dark  as  the  shadow  itself,  only  a  mere  speck  of  the 
sun  being  visible  there ;  and  at  the  outer  limit  of  the  penumbra  the 
shading  would  be  still  more  gradual. 

370.  BoUpsM  of  the  Moon. — The  axis  of  the  earth's  shadow  la 
always  directed  to  a  point  exactly  opposite  the  sun.  If,  then,  at  the 
time  of  full  moon,  the  moon  happens  to  be  near  the  ecliptic  (that  is, 
not  far  from  one  of  the  nodes  of  her  orbit) ,  she  will  pass  into  the 
shadow  and  be  eclipsed.  Since,  however,  the  moon's  orbit  is  inclined 
about  five  and  one-fourth  degrees  to  the  plane  of  the  ecliptic,  this 
does  not  happen  very  often  (seldom  more  than  twice  a  year).  Ordi- 
narily the  moon  passes  north  or  south  of  the  shadow  without  touch- 
ing it. 

Lunar  eclipses  are  of  two  kinds,  —  partial  and  total :  total  when 
the  moon  parses  into  the  shadow  completely ;  partial  when  she  goes 
so  far  to  the  north  or  south  of  the  centre  of  the  shadow  that  only  a 
portion  of  her  disc  Ib  obscured. 

We  may  also  have  a  "  pe&nmbTal  eclipse  "  when  she  passes  merely  Hiron^ 
the  penumbra  without  touching  the  shadow.  In  this  case,  however,  the  loss 
of  light  is  so  gradual  and  eo  Blight,  unless  she  almost  grazes  the  shadow, 

that  an  observer  would  notice  nothing  uu usual. 

371.  Size  of  the  Earth's  Shadow  at  the  Point  where  the  Moon 
orosaes  it.  —  Since  EC  in  Fig.  12o  is  857,000  miles,  and  the  distance 
of  the  moon  from  the  earth  is  on  the  average  about  233,001)  miles, 
O^  must  be  61 8,000  miles,  and  My,  the  semi-diameter  of  the  shadow 
atthispoint,  will  be  S^  of  the  earth's  radius.  This  gives  Jfi?'=  2854 
miles,  and  makes  the  whole  diameter  of  the  shadow  a  little  over  5700 
miles,  about  two  and  two-thirds  times  the  diameter  of  the  moon.  But 
this  quantity  varies  considerably.  The  shadow  is  sometimes  more 
than  three  times  as  large  as  the  moon,  sometimes  hardly  more  Hum 
twice  its  size. 
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S72.  We  nay  reach  tbe  same  result  in  another  way.  Considering  the 
triangle  ECN,  Fig.  135,  we  have  the  angular  semi-diameter  of  the  croaa- 
Mction  of  the  shadow  where  the  moon  passes  throngb  it,  as  seen  from  the 
earth,  represented  bj  MEN. 

But  ENa  =  MEN+ECIfi 

whenoe  UEff=  ENa-ECN. 

!4ow  ENa  is  the  semi-diameter  of  the  earth  as  seen  from  the  moon ;  that 
is,  it  is  riie  moon's  horizontal  parallax,  for  which  write  P.  Hence,  substituting 
for  ECN  its  value  S  ~p,  wo  get 

MEN=P-Vp-S. 

MEN  is  called  "  the  radius  of  the  shadow."    The  mean  value  of  P  is  57'  2" ; 
tip,V'A;  and  of  S,  13' 2",  which  makes  themean  valneof  Jlf£^'=41' 9". 


Fid.  TO.  —  Dkmcler  of  lUnb't  ebtdov  when  tb«  Uaan  cioum  It. 

Hb  mean  value  of  the  moon's  apparent  semi-diameter  is  17  40",  the  ratio 
between  the  semi-diameter  of  the  moon  and  the  radius  of  the  shadow  being 
about  S|,  as  before. 

In  computing  a  lunar  eclipse,  thb  angular  value  for  the  "  radius  of  the 
Hhadow,"  aa  it  is  called,  is  more  convenient  than  its  value  in  miles.  It  is 
ciutoniarj  to  increase  it  by  about  ^  part  in  order  to  allow  for  the  effect  of 
Vat  earth's  atmosphere,  the  value  ordinarily  used  being  J}  [P  ^  p  —  S). 
Some  computers,  however,  use  | j,  and  others  ff.  On  account  of  the  indis- 
tinctaess  of  the  edge  of  the  shadow  it  is  not  easy  to  determine  what  precise 
value  ought  to  be  employed,  nor  is  it  important^ 

373.    Darfttion  of  s  Lnnax  Eolipie.  —  When  central,  a  total  eclipse 

of  tbe  mooD  mav,  all  things  favoring,  contimie  total  for  about  two 
hours,  the  interval  from  tbe  first  contact  to  the  last  being  about  two 
hours  more.  This  depends  npon  the  fact  that  the  moon's  hourly 
motion  is  nearly  equal  to  its  own  diameter.  The  whole  interval  from 
first  contact  to  last  is  the  time  occupied  by  the  moon  in  moving  from 
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a  to  d  (Fig.  126).  The  totality  lasts  while  it  moveB  from  b  to  c. 
The  duration  of  a  non-central  eclipse  varies,  of  course,  according  to 
the  part  of  the  shadow  through  which  the  i 


.  I3«.  —  DniUlon  Dt  >  Lunar  EgIIiim, 


374.  Lanar  Eoliptio  Limit.  —  The  lunar  ecliptic  limit  is  the  great 
est  distance  from  the  node  of  the  moon's  orbit  at  which  the  sun 
can  be  consistently  with  having  an  eclipse.  This  limit  depends  upon 
the  inclination  of  the  moon's  orbit,  which  varies  a  little,  and  also  upon 
the  radius  of  the  shadow  at  the  time  of  the  eclipse  and  the  moon's 
apparent  semi-diameter,  which  quantities  are  still  more  variable. 
Hence  we  recognize  two  limits,  the  major  and  minor.  If  the  dis- 
tance of  the  sun  from  the  node  at  the  time  of  full  moon  exceeds  the 
major  limit,  an  eclipse  is  impossible  ;  if  it  is  less  than  the  minor,  an 
eclipse  is  inevitable.  The  major  limit  is  found  to  be  12°  IS';  the  minor, 
Q'SO'.  Since  the  sun  passes  over  an  arc  of  12''lfl'  in  less  than 
thirteen  days,  it  follows  that  an  eclipse  of  the  moon  cannot  possibly 
take  place  more  than  thirteen  days  before  or  after  the  time  when  the 
sun  crosses  the  node. 


375.     In  Fig.  127  let  NE  and  NM  be,  regpectively,  portions  of  the 
ecliptic  and  of  the  path  of  the  moon,  aa  seen  projected  upon  the  celestial 


sphere.     E  is  the  centre  of  the  eartli'H  shadow.     The  sun.  of  course,  ia  at 
thu  point  of  the.  celestial  iphere  directly  oi>posite,  and  its  distance  from  the 
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opposite  node  ia  eqoal  to  EN,  M  is  the  centre  of  the  moon.  Call  the 
Bemi-diameter  of  the  moon  S';  tbeu  EM  (the  greatest  possible  distsjice 
between  E  and  M  which  permits  an  eclipse)  equals  the  sum  o£  the  semi- 
diameters  of  the  moon  and  shadow,  or  5'  +  (/'  +p  —  5),  and  the  corre- 
sponding ecliptic  limit  EN  is  found  by  Bolving  the  spherical  triangle  MNE, 
having  given  ME  and  the  angle  at  N,  which  is  about  5J°.  We  must  also 
know  one  other  angle,  and  with  sufficient  approximation  for  such  purposes 
we  may  regard  the  angle  at  AT  as  a  right  angle.  The  limit  is  always  very 
nearly  eleven  times  EM,  because  the  inclination  of  the  moon's  orbit  is 
nearly  ^  of  a  "radian." 

376.  Phenomena  of  a  Total  Lunar  Eolipse.  —  Half  an  hour  or  so 
before  the  moon  reaches  the  shadow  its  eastern  limb  begins  to  be 
sensibly  darkened,  and  the  edge  of  the  shadow  itself,  when  it  is  first 
reached,  looks  nearly  black  by  contrast  with  the  bright  parts  of  the 
moon's  surface.  To  the  naked  eye  the  outline  of  the  shadow  appears 
reasonably  sharp ;  but  with  even  a  small  telescope  it  is  found  to  be 
indefinite  and  hazy,  and  with  a  large  instrument  and  high  magnify- 
ing power  it  becomes  entirely  indistinguishable.  It  is  impossible  to 
determine  the  exact  moment  when  the  edge  of  the  shadow  reaches 
any  particular  point  on  the  moon  within  half  a  minute  or  so.  . 


FlO.  12S.  —  Ll{^t  Bent  Into  Eaith'B  Shodoir  by  &efni«tkiu. 

After  the  moon  has  wholly  entered  the  shadow  her  disc  is  usually 
BtUl  distinctly  visible,  illuminated  with  a  dull,  copper-colored  light, 
which  is  sunlight,  deflected  around  the  earth  into  the  shadow  by  the 
refraction  of  our  own  atmosphere,  or  rather  by  that  portion  of  our 
atmosphere  which  lies  within  ten  or  fifteen  miles  of  the  earth's  sur- 
face. Since  the  ordinary  horizontal  refraction  is  34',it  follows  that 
light  which  just  grazes  the  earth's  surface  will  be  bent  inwards  by 
twice  that  amount,  or  1°  8',  Now,  the  maximum  parallax '  of  the 
moon  is  only  1°  2'.  In  an  extreme  case,  therefore,  even  when  the 
moon  is  exactly  central  in  the  largest  possible  shadow,  it  receives 
some  sunlight  coming  around  the  edge  of  the  earth,  as  shown  by 
Fig.  128.  To  an  observer  stationed  on  the  moon,  the  disc  of  the 
earth  would  appear  to  be  surrounded  by  a  narrow  ring  of  brilliant 
sunshine,  colored  with  sunset  hues  by  the  ."iame  vapors  which  tinge 
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terrestrial  sunsets,  but  acting  with  double  power  becanse  the  light  hss 
traversed  a  double  thickness  of  our  air.  If  the  weather  happens  to 
be  clear  at  this  portion  of  the  earth  (upon  its  rim  as  seen  from  the 
moon),  the  quantity  of  light  transmitted  through  the  atmosphere  is 
Tery  considerable,  and  the  moon  is  strongly  illuminated.  If,  on  the 
other  hand,  the  weather  happens  to  be  stormy  in  this  region,  the  clouds 
cut  off  nearly  all  the  light.  In  the  lunar  eclipse  of  1884  the  moon 
was  absolutely  invisible  to  the  naked  eye,  a  very  unusual  circum- 
stance on  such  an  occasion.  At  the  eclipse  of  January  28, 1888, 
Fickering  found  that  the  photographic  power  of  the  centrally  eclipsed 
moon  was  about  T-iahziUf  °^  ^^^^  °^  ^^^  moon  whenuneclipsed. 

377.  USM  Made  of  Lunar  Eclipies.  —  In  astronomical  importance  a 
lunar  eclipBe  cannot  be  at  all  compared  with  a  Bolar  eclipse.  It  has  its  uses, 
however,  a.  Many  dates  in  chronology  are  fixed  by  reference  to  certain 
lunar  eclipaea.  For  instance,  the  date  of  the  Chriatiart  era  is  determined  by  a 
lunar  eclipse  which  happened  upon  the  night  before  Herod  died.  b.  Before 
better  methods  were  devised,  lunar  eclipses  were  made  use  of  to  some  extent 
in  determining  the  longitude.  Unfortunately,  as  has  been  said  (Art.  119), 
it  is  impossible  to  note  the  critical  instants  with  any  degree  of  accuracy,  on 
account  of  the  indefinitenese  of  the  earth's  shadow,  c.  The  study  of  the 
spectrum  of  the  eclipsed  moon  gives  us  some  data  as  to  the  constitution  of 
our  own  atmosphere.  We  are  thus  enabled  to  examine  light  which  has 
passed  through  a  greater  thickness  of  air  than  is  obtainable  in  any  other 
way.  d.  The  study  of  the  heat  radiated  by  the  moon  during  the  different 
phases  of  an  eclipse  gives  ua  some  important  information  as  to  the  absorb- 
ing power  and  temperature  of  ite  surface.  Observations  have  been  made  at 
Lord  BoBse's  observatory  of  all  the  recent  lunar  eclipses,  with  this  end  in 
view,'  e.  Finally,  at  the  time  when  the  moon  is  eclipsed,  it  is  possible  to 
observe  ite  passage  over  small  stars  which  cannot  be  seen  at  all  when  near 
the  moon  except  at  such  a  time.  Observations  of  these  star  occultations 
made  at  different  parts  of  the  earth  furnish  the  best  possible  data  far  com- 
puting the  dimensions  of  the  moon,  ite  parallax,  and  for  determining  its 
precise  position  in  its  orbit  at  the  time  of  observation.  The  eclipses  of  the 
last  few  years  have  been  very  carefully  observed  in  this  way  by  concert 
between  the  different  leading  observatories. 

378.  Compntfttion  of  a  Lunar  Eclipae.  —  Since  all  the  phases  of 

a  lunar  eclipse  are  seen  everywhere  at  the  same  absolute  instant 
wherever  the  moon  is  above  the  horizon,  it  follows  that  a  single  com- 
putation giving  the  Greenwich  times  of  the  different  phenomena  is 
all  that  is  needed,  and  can  be  made  and  published  once  for  all.  Each 
observer  has  merely  to  correct  the  predicted  time  by  simply  adding 

>  See  Art.  39S>  at  end  of  chifiUr. 
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at  eabtracting  hia  longitude  from  Grreenwich  in   order  to    get  the 
true  local  time.     The  computatioa  ia  very  simple. 

The  method  of  projecting  and  calculatiDg  a  lunar  eclipse  is  given  in  the 
Appendix  (Art.  1004). 

ECLIPSES  OF  THE  SUN. 

379.  Dimenaoiu  of  tiie  Hoon'i  Shadow. — By  the  same  method 
as  that  used  for  the  Bhadow  of  the  earth  (merely  subBtitutiag  ia  the 
formulae  the  radius  of  the  moon  for  that  of  the  earth),  we  find  that 
the  leDgth  of  the  mooa'a  shadow  at  any  time  is  ^^  of  its  distance 
from  the  sun,  and  at  new  moon  averages  232,150  miles.  It  varies 
Dot  quit«  4000  miles  each  way,  and  so  ranges  from  336,050  miles  to 
2S6,300.  The  semi-angle  of  the  moon's  abadoir  Is  practically  equal 
to  the  semi-diameter  of  the  sun  seen  at  the  eartJi,  or  very  nearly  16'. 

3S0.  The  Xoon'i  Shadow  on  the  Eartli'a  Surface.  —  Since  the 
mean  length  of  the  shadow  is  lees  than  the  mean  distance  of  the 
moon  from  the  earth  (which  is  238,800  miles),  it  is  obvious  that 
m  tJte  average  it  will  not  reach  to  the  earth.     On  account  of  the 


Via.  IZB.  —  Tb»  Uoon'a  81iu1dw  on  the  Eutta, 

eccentricity  of  the  moon's  orbit  however,  onr  satellite  is  much  of 
the  time  considerably  nearer  than  this  mean  distance,  and  may  come 
within  221,600  miles  from  the  earth's  centre,  or  about  217,650 
miles  from  its  surface.  The  shadow,  also,  under  favorable  circum- 
stances, may  have  a  length  of  236,050  miles.  Its  point  may  there- 
fore at  times  extend  nearlj'  18,400  miles  beyond  the  earth's  surface. 
The  cross-section  of  the  shadow  where  the  earth's  surface  cuts  it 
(at  0  in  Fig.  129)  will  then  be  167  miles.  Tliis  it  the  largest  vaiu« 
potsible. 

Of  course,  if  the  ahadow  strikes  obliquely  on  the  surface  of  the  earth,  as 
it  must  except  when  the  moon  is  in  the  zenith,  the  shadow  spot  will  be  oval 
instead  of  circular,  and  the  length  of  the  oval  along  the  earth's  surface  may 
much  exceed  the  true  cross-section  of  the  shadow. 

881.  The  "NegatiTe"  Shadow.  —  Since  the  distance  of  the  moon 
may  he  as  great  as  252,970  miles  from  the  earth's  centi'e,  or  nearly 
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249,000  miles  from  its  surface,  while  the  shadow  may  be  as  short  aa 
228,300  miles,  we  may  have  the  state  □£  things  indicated  by  placing 
the  earth  at  B  in  the  figure.  The  vertex  of  the  shadow,  V,  will  then 
fall  20,700  miles  short  of  the  surface,  and  the  cross-section  of  the 
"shadow  produced"  will  have  a  diameter  of  196  miles  where  the 
earth's  surface  cuts  it.  When  the  shadow  falls  near  the  edge  of  the 
earth,  this  cross-section  may  be  as  great  as  230  miles.  The  shadow- 
spot  which  is  formed  by  the  intersection  of  the  produced  shadow- 
cone  with  the  earth's  surface  is  sometimes  called  the  negoHvo  shadow. 

382.  Total  and  Ans&Iar  EclipaeB. — To  an  observer  Vithiu  the 
true  shadow  cone,  that  is,  between  Fand  the  moon  in  Fig.  129,  the 
sun  will  be  totally  eclipsed ;  but  an  observer  in  the  produced  cone 
beyond  V  will  see  the  moon  projected  on  the  sun,  leaving  an  un- 
eclipsed  ring  around  it.  He  will  have  what  is  called  an  annular 
eclipse,  Tliese  annular  eclipses  are  considerably  more  frequent  than 
total  eclipses  —  nearly  in  the  ratio  of  3  to  2. 

383.  The  Penumbn  and  Partial  Eelipws. — The  penumbra  can 

easily  be  shown  to  have  a  diameter  on  the  line  CD  (Fig.  129)  of  very 
nearly  twice  the  moon's  diameter.'  We  may  take  it  as  having  an  aver- 
age diameter  at  this  point  of  4400  miles ;  but  as  the  earth  is  often 


Fio.  130.  — Wldtbol  thePeDumbraotthsHaoD'iSbadow. 

beyond  V,  its  cross-section  at  the  earth  is  sometimes  aa  much  as  4800 
miles.  An  observer  situated  within  the  penumbra  observes  a  partial 
eclipse :  if  he  is  near  the  shadow  cone,  the  sun  will  be  mostly  covered 
by  the  moon  ;  but  if  near  the  outer  limit  of  the  penumbra,  the  moon 
will  only  slightly  encroach  on  the  sun's  disc.  While,  therefore,  total 
and  annular  eclipses  are  visible  as  such  only  by  an  observer  within 
the  narrow  path  traversed  by  the  shadow-spot,  the  same  eclipse 
will  be  visible  as  a  partial  one  everywhere  within  2000  miles  on 

1  Because  the  angle  BMV  (Fig.  12S)  is  the  angular  diameter  of  the  sod  aa 
Been  from  Af,  and  (his  is  nearly  equal  to  the  moon's  diameter  seen  from  like 
earth,  i.e..  about  31'. 
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either  side  of  the  shadow  path  ;  and  the  2000  miles  is  to  be  reck- 
oned perpendicularly  to  the  axis  ot  the  shadow.  When,  for  instance, 
the  penumbra  falls,  as  shown  In  Fig.  130,  the  distance  BC  measured 
along  the  earth's  surface  will  be  over  3000  miles,  although  BF  is 
only  2000. 

3B4.     Velocity  of  the  Shadow  and  Duration  of  Eclipses.  —  The 

inoon  advances  along  its  orbit  very  nearly  2100  miles  an  hour,  and 
were  it  not  for  the  earth's  rotation  this  is  the  rate  at  which  the 
shadow  would  pass  the  observer.  The  earth,  however,  is  rotating 
towards  the  east  in  the  same  general  direction  as  that  in  which  the 
shadow  moves,  and  its  surface  moves  at  the  rate  of  about  1040  miles 
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Flo.  131.  —  Tr&ck  of  Che  Mood'b  Sbadow.  Ecllpee  of  Jnlf,  1878. 

an  hour  at  the  equator.  An  observer, 'therefore,  on  the  earth's 
equator,  with  the  moon  near  the  zenith,  would  be  passed  by  the 
shadow  with  a  speed  ot  about  1060  miles  per  hour  (2100  — 1040); 
and  this  is  its  slowest  velocity,  which  is  about  equal  to  that  of  a 
cannon-ball. 

In  higher  latitudes,  where  the  velocity  of  the  earth's  rotation  is  less, 
the  relative  speed  of  the  shadow  is  higher ;  and  where  the  shadow  falls 
very  obliquely,  as  it  does  when  an  eclipse  occurs  near  sunrise  or  sun- 
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set,  the  adrance  of  the  shadow  along  the  earth's  surface  may  become 
exceedingly  swift,  —  as  great  as  4000  or  5000  miles  per  hour.  fig. 
ISl,  which  we  owe  to  the  courtesy  of  the  publishers  of  Langley'a 
"New  Astronomy,"  shows  the  track  of  the  moon's  shadow  during 
the  eclipse  of  July  29, 1878. 

38fi.  Duration  of  an  Eolipae.  —  A  total  eclipse  of  the  sun  observed 
at  a  station  near  the  equator  under  the  most  favorable  conditions 
possible  (the  shadow-spot  having  its  maximum  diameter  of  167 
miles),  may  continue  total  for  seven  minvtes  and  Jifty-eight  tecondt. 
In  latitude  40°  the  duration  of  totality  can  barely  equal  six  and  one 
quarter  minutes.  The  greatest  possible  excess  of  the  radius  of  the 
moon  over  that  of  the  sun  is  only  V  19". 

An  annular  eclipse  may  last  for  12'"  24*  at  the  equator.  The 
maximum  width  of  the  ring  of  the  sun  visible  around  the  moon 
is  V  37".        • 

In  the  observation  of  an  eclipse  four  "contacts"  are  noted :  the 
first,  when  the  edge  of  the  moon  first  touches  the  edge  of  the  sun ; 
the  second,  when  the  eclipse  becomes  total  or  annular ;  the  third,  at 
the  cessation  of  the  total  or  annular  phase ;  and  the  fourth,  when 
the  moon  finally  leaves  the  disc  of  the  sun.  From  the  first  contact 
to  the  fourth  the  duration  may  be  a  little  over  four  hours. 

386.  The  Bol&r  Eollptio  Limits.  —  It  is  necessary,  in  order  to  have 
an  eclipse  of  the  sun,  that  the  moon  should  encroach  on  the  cone 
ACBI>  (Fig.  132),  which  envelops  earth  and  sun.  In  this  case  the 
"true"  angular  distance  between  the  centres  of  the  sun  and  moon 


FlO.  132.  —  Solar  EcllpUo  Llmlto. 

— that  is,  their  distance  as  seen  from  the  centre  of  the  earth  —  would 
be  the  angle  ilES  in  the  figure.  This  is  made  np  of  three  angles : 
MEF,  which  equals  the  moon's  semi-diameter,  S;  AES,  the  sun's 
semi-diameter,  S;  and  FJHA.     This  latter  angle  is  equal  to  the  differ- 
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enoe  between  CFE  and  FAE.  CFE  is  the  moon's  horizontal  paral< 
lax  (the  eemi-diameter  of  the  earth  seen  from  the  moon),  and  FAE 
or  CAE  is  the  sun's  parallax.  FEA,  therefore,  equals  P—p;  and 
Uie  whole  angle  ME8  equals  S  +  S'  +  P—p.  This  angle  may  range 
from  1°  34'  13"  to  1°  24'  19",  according  to  the  changing  distances '  of 
the  sun  and  nwon  from  the  earth. 

The  corresponding  distances  of  the  sun  fh>m  the  node,  calculated  in 
the  same  way  as  the  lunar  ecliptic  limits  (taking  tlie  maximum  incli- 
nation of  tiie  moon's  orbit  as  5°  19'  and  the  minimum  as  4°  67', 
according  to  Neison),  give  18°  31'  and  15°  21'  for  the  major  and 
minor  ecliptic  limits. 

In  order  that  an  eclipse  may  be  central  (total  or  annular)  at  any 
part  of  the  earth,  it  is  necessary  that  the  moon  should  lie  wholly 
inside  the  cone  AOBD,  as  at  3f .  In  this  case  the  angle  M'ES  will 
be  S—  S'  +  P—p,  and  the  correspoodii^  major  and  minor  central 
ecliptic  limitB  come  out  11°  fiO'  and  9°  bb', 

387.  Phenomena  of  a  Solar  Eolipae.  —  There  is  nothing  of  special 
interest  until  the  sun  ia  mostly  covered,  though  before  thnt  time  the 
sliadows  cast  by  foliage  begin  to  look  peculiar.  The  light  shining 
through  every  small  interstice  among  the  leaves,  instead  of  forming  a 
little  circle  on  the  earth,  makes  a  little  crescent  —  an  image  of  t^e 
partly  covered  sun. 

Some  ten  minutes  before  totality  the  darkness  begins  to  he  felt,  and 
the  remaning  light,  coming  as  it  does  from  the  edge  of  the  sun  only, 
is  much  altered  in  quality,  producing  an  effect  very  like  that  of 
a  calcium  light  rather  than  sunshine.  Animals  are  perplexed,  and 
hirds  go  to  roost.  The  temperature  falls  a  few  degrees,  and  some- 
times dew  appears. 

'  We  give  herewith  In  a  table  the  different  quantities  which  determine  the 
dimeneioni  of  the  shadowB  al  the  earth  and  moon,  a«  well  ai  the  ecliptic  limits 
ud  the  duration  of  ectipae*. 


Q™i«t. 

L»Mt. 

Hwn. 

Apparent  seml-dlameter  of  sun    .    . 

16'  18" 

15'  46" 

10' 02" 

Apparent  Mmi-diamel«r  of  moon 

16'  45" 

14'  42" 

15'  34" 

8".96 

8".05 

8".80 

Horizontal  parallax  of  the  moon 

61-28'' 

53'  56" 

67 '02" 

Inclination  of  moon's  orbit     .    .     . 

6' 10' 

4=67' 

60    8' 43" 

0  miles ;  earth's  (mean),  3i)uO ; 
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In  a  few  momentB,  if  the  observer  is  so  situated  that  his  view 
commands  a  distant  western  horizon,  the  moon's  shadow  is  seen 
coming  much  like  a  heavy  thunderstorm.  It  advances  with  almost 
terrifjing  swiftness  until  it  envelops  him. 

For  a.  moment  the  air  appears  to  quiver,  and  on  every  white  sor- 
facf  bands  or  "fringes,"  alternately  light  and  dark,  appear.  They 
are  a  few  inches  wide  and  from  a  foot  to  three  feet  apart,  and  on 
the  whole  seem  to  be  parallel  to  the  edge  of  the  shadow.  Probably 
they  travel  with  the  wind;  but  observations  on  this  point  are  as  yet 
hardly  decisive.  The  phenomenon  is  not  fully  explained,  but  is 
probably  due  to  irregular  atmospheric  refraction  of  the  light  com- 
ing fi'om  the  indefinitely  narrow  strip  of  the  sun's  limb  on  the  point 
of  disappearing. 

388.  Appearance  of  the  Corona  and  ?romineneei.  —  Aa  soon  aa 
the  shadow  arrives,  and  sometimes  a  little  before  it,  the  corona  and 
prominences  become  visible.  The  stars  of  the  first  three  mi^nitndes 
make  their  appearance  at  the  same  time. 

The  suddenness  with  which  the  darkness  descends  upon  tlie  ob- 
server is  exceedingly  striking ;  the  sun  is  so  brilliant  that  even  the 
small  portion  which  remains  visible  up  to  within  a  very  few  seconds 
of  the  time  of  totality  so  dazzles  the  eye  that  it  is  not  prepared 
for  the  sudden  transition.  In  a  few  moments,  however,  the  vision 
becomes  accustomed  to  the  changed  circumstances,  and  it  is  then 
found  that  the  darkness  ia  not  really  very  intense.  If  the  totality 
is  of  short  duration,  —  that  is,  if  the  diameter  of  the  moon  exceeds 
that  of  the  sun  by  leas  than  a  minute  of  arc,  ^  the  lower  parts  of 
the  corona  and  chromosphere,  which  are  very  brilliant,  give  a  light 
at  least  three  or  four  times  as  great  as  that  of  the  full  moon.  Since 
the  shadow  also  in  such  a  case  is  of  small  diameter,  a  large  quantity 
of  light  is  sent  in  from  the  surrounding  air,  where  thirty  or  forty 
miles  away  the  sun  is  still  shining ;  and  what  may  seem  remarkable, 
this  intrusion  of  outside  light  is  greatest  when  the  sky  is  clouded. 
In'auchan  eclipse  there  is  not  much  difficulty  in  reading  an  ordinary 
watoh-face.  In  an  eclipse  of  long  duration  (say  five  or  six  minutes) 
it  is  much  darker,  and  lanterns  are  necessary. 

389.  ObBerratiODB  of  as  Bolipse.  —  A  total  solar  eclipse  offers  an 
opportunity  of  making  an  immense  number  of  observations  of  great  impor- 
tance which  are  possible  at  no  other  time,  besideH  certain  others  which  can 
also  be  made  during  a  partial  eclipse.  We  mention  (a)  Timer  of  the  four 
contacli,  and  direction  of  the  line  joining  the  ciaps  during  the  partial  phaiei. 
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These  obeerrations  determine  accurate!;  the  relative  position  of  tbe  sun  and 
moou  at  the  time,  and  so  furcish  the  means  for  correcting  the  tables  of  tiieir 
motioii.  (6)  The  learch  for  inJro-mcrcun'ai  planetK.  It  has  been  thought 
likely  that  there  may  be  one  or  more  planets  between  the  orbit  of  Mercury 
oud  the  sun,  and  during  a  total  eclipse  they  would  become  visible,  if  ever. 
On  the  whole,  however,  the  observations,  so  far  made,  negative  the  existence 
ot  any  body  of  considerable  size  in  this  region,  though  in  187S,  Professor 
Watson  and  Mr.  Swift,  it  was  thought,  had  discovered  one,  if  not  two,  such 
planets,  (c)  Obsernationi  on  the  JHngei,  whicb  have  been  described  as  show- 
ing themselves  at  the  commencement  of  totality.  Probably  the  phenomenon 
is  merely  atmospheric  and  of  little  importance,  but  it  is  not  yet  sufficiently 
understood,  (if)  Pkolometric  meaivremenli  of  the  intensity  of  the  light  at 
diilerent  st^es  of  the  eclipse  and  during  totality,  (e)  Teleieopic  obtervaliont 
of  tie  delaih  of  the  promnencea  and  of  tke  corona.  (/)  Speciroscopic  obterva- 
lioni,  both  visual  and  photographic,  upon  the  spectra  of  the  lower  atmoo- 
pliere  of  the  sun,  the  prominences,  and  the  corona,  (g)  Ohiervationt  vjilh  the 
polarUcope  upon  the  polarization  of  the  light  of  the  corona,  for  the  purpose 
of  determining  the  relaUon  between  the  reflected  and  intrinsic  light,  and 
perhaps  the  size  of  the  reflecting  particles  which  are  distributed  through  the 
corona.     (A)  Photography,  both  of  the  partial  phases  and  of  the  corona. 

390.  Calonlation  of  a  Bolar  EolipM.  — The  calculation  of  a  solar 
edi[«e  cannot  be  dealt  with  in  any  such  summary  way  as  that  of  a  lunar 
eclipse,  owing  to  the  moon's  parallax,  which  makes  the  times  of  contact  and 
other  phenomena  different  at  every  different  station.  The  moon's  apparent 
path  in  the  sky,  relatiee  to  the  centre  of  the  sun,  is  not  even  a  portion  of  a 
great  circle,  nor  is  it  described  with  a  uniform  velocity.  Moreover,  since 
the  phenomena  of  a  solar  eclipse  admit  of  very  accurate  observations,  it  is 
necessary  to  take  account  of  nnmeroua  little  details  which  are  of  no  import- 
ance in  a  lunar  eclipse. 

Certain  data  for  each  solar  eclipse  hold  good  wherever  the  observer  may 
be.  These  are  calculated  beforehand  and  published  in  the  nautical  alma- 
nacs; and  from  them,  with  the  knowledge  of  his  geographical  position,  the 
observer  can  work  out  the  results  for  his  own  station.  But  the  calculations 
are  somewhat  complicated  and  lie  beyond  our  Bcof>e.  The  reader  is  referred 
to  any  work  on  practical  astronomy;  Chauvenet  and  Loom  is  treat  the  mat- 
ter very  fully.  Th.  von  Oppolzer,  lately  deceased,  published  at  Vienna  in 
1887  a  most  remarkable  and  monumental  work  entitled  "  Canon  der  Fitister- 
nisse"  ("Canon  of  Eclipses"),  containing  the  approximate  elements  of  all 
eclipses  (8000  solar  and  5200  lunar)  between  the  years  1307  b.c.  and  21ti'3 
A.D.,  with  cliarte  showing  the  approximate  track  of  tlie  moon's  shadow  for 
all  annular  and  total  eclipses  of  the  sun. 

391.  Nnmlwr  of  Eolipses  in  a  Tear.  —  The  least  possible  number 
is  Ueo,  both  central  eclipses  of  the  sun.    The  largest  possible  number 
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is  seven,  five  o£  the  sun  and  two  of  the  moon.  The  eclipses  each  year 
happen  at  two  seasons  (which  may  he  called  the  "eclipse  months"), 
half  a  year  apart  ■ —  about  the  times,  of  course,  at  which  the  sun  in  its 
annual  path  crosses  the  two  nodes  of  the  moon's  orbit.  If  these  nodes 
were  stationary,  the  eclipse  months  would  be  always  t)ie  same ;  but 
'because  the  nodes  retn^rade  around  the  ecliptic  ouce  in  abont  nine- 
teen years,  die  eclipse  months  are  continually  changing.  The  time 
required  by  the  sun  in  passing  around  from  a  node  to  the  same 
node  agfun  Ib  S46.63  days,  which  is  sometimes  called  the  "eclipse 
year." 

392.  Number  of  Lonar  Eelipsea.  — Representing  the  ecliptic  by  a 
circle  (Fig.  133)  with  tbe  two  opposite  nodes  A  and  a,  it  is  easy  to  see 
first,  that  there  can  he  but  two  lunar  eclipses  in  a  year  (omitting  fur 
a  moment  one  exceptional  case).  Tbe  major  lunar  ecliptic  hmit  is 
12"  15' ;  hence  there  is  only  a  space  of  twice  that  amount,  or  24°  30', 
between  L  and  L',  at  each  "  node 


month,"  within  which  tbe  occur- 
rence of  a  full  moon  might  give 
a  lunar  eclipse.  Now,  in  a  syn- 
odic month  the  sun  moves  along 
tiie  ecliptic  29°  6',  while  the  node 
moves  in  the  opposite  direction 
1°  31',  giving  the  relative  motjon 
of  the  sun  referred  lo  the  node 
equal  to  80°  37';  i.e.,  the  fuU- 
moon  points  on  the  circle  tuouidfaU 
at  a  distance  of  30°  37'  from  each 
other.  Only  one  full  moon,  there- 
fore, can  possibly  occur  within 
the  lunar  ecliptic  limits  eacli  time  that  the  sun  passes  the  node. 

Since  the  minor  ecliptic  limit  for  the  moon  is  only  9°  30',  it  may 
easily  happen  that  neither  of  th%  full  moons  which  occur  nearest  to 
the  tjme  when  the  sun  is  at  the  node  will  fall  within  the  limit.  There 
are  accordingly  many  years  which  have  do  lunar  eclipses. 

Three  lunar  eclipses,  however,  may  possibly  happen  in  one  calendar 
year  in  tbe  followii^  way.  Suppose  the  fii-st  eclipse  occurs  abont 
Jan.  1,  tbe  sun  passing  the  node  about  that  time  ;  the  second  may  then 
happen  abont  June  25  at  tbe  other  node,  a.  The  first  node.  A,  will 
run  back  during  the  year,  so  that  the  sun  will  encounter  it  again  about 
Dec.  13  at  A',  and  thus  a  third  eclipse  may  occur  in  December  of 
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the  same  year.     This  oecuired  last  in  1S52,  and  will  happen  again 
in  1898  and  1917. 

393.  Ifunber  of  Bolar  Eclipses.  —  Coneidering  now  solar  eclipses, 
ve  find  that  there  must  inevitably  be  tteo.  Twice  the  minor  limit 
(Art.  386)  of  a  solar  eclipse  (15"  21')  is  30°  42',  which  is  more  than 
the  sun's  whole  motion  in  a  month.  One  new  moon,  at  least,  there- 
fore, must  fall  within  the  limiting  distance  of  tlie  node,  and  two 
may  do  so,  since  in  the  Hgure,  SS'  is  always  great«r  than  the  distance 
between  the  points  occupied  by  two  successive  new  moons. 

If  the  two  new  moons  in  the  two  eclipse  months  happen  to  fall 
very  near  a  node,  the  two  fatl  moons,  a  fortnight  earlier  and  later, 
will  both  be  very  likely  to  fall  outside  the  lunar  limit.  In  that  case 
the  year  will  have  only  two  eclipses,  both  solar  and  both  central ;  i.e., 
either  total  or  annular  ;  as  in  1904  and  1917. 

Again,  if  in  any  year  two  full  moons  occur  when  the  sun  is  very  near 
the  node,  then  since  the  major  solsr  limit  is  18°  31',  it  may  happen, 
and  often  does,  that  there  will  be  two  partial  solar  eclipses,  one  a 
fortnight  before,  the  other  a  fortnight  after,  each  of  the  lunar  eclipses, 
and  so  the  year  will  have  tlirec  eclipses  in  each  eclipse  month  —  six 
eclipses  in  all,  two  iunnr  and  four  solar.  A  Jiflk  solar  eclipse  may 
also  come  in  near  the  end  of  the  year,  if  the  node  was  passed  about 
Jan.  15,  in  the  same  way  that  sometimes  happens  with  a  lunar  eclipse  : 
the  year  will  then  have  seven  eclipses.  This  was  the  case  in  1823. 
and  will  next  happen  in  1936.  The  most  usual  number  of  eclipses 
is  four  or  five. 

394.  B«latiTe  Treqnency  of  Solar  and  Lonar  Eolipiei.  —  Al- 
though, taking  ike  whole  earth  into  account,  the  solar  eclipses  are 
the  most  numerous,  about  in  the  pi-oportion  of  four  to  three,  it  is 
not  so  with  the  eclipses  visii>U  at  any  given  place.  A  solar  eclipse 
can  be  seen  only  from  a  limited  portion  of  the  globe,  while  a  lunar 
eclipse  is  visible  over  considerably  more  than  half  the  earth,  either  at 
the  beginning  or  end,  if  not  throughout  its  whole  duration;  and  this 
more  than  reverses  the  proportion  between  lunar  and  solar  eclipses 
for  any  given  station. 

396.  Becurrenoe  of  Eoliptes,  and  the  Soros. — It  is  not  known  how 
early  it  was  discovered  that  eclipses  recur  at  a  regular  interval  of 
eighteen  years  and  eleven  and  one-third  days  {ten  and  one-third  days, 
if  there  happen  to  be  five  leap  years  in  the  interval)  ;  but  the  Chaldeans 
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knew  the  period  very  well,  and  ealled  it  the  Saros  (which  means 
"restitution"  or  "repetition"),  and  used  it  in  predicting  the  recur- 
rence of  these  phenomena.  It  is  a  period  of  223  synodic  months, 
which  is  almost  exactly  equal  to  nineteen  eclipse  years.  The  eclipse 
year  is  34C''.6201,  and  nineteen  of  them  equal  6585''.78,  while  223 
months  equal  6585^.32. 

Tbe  difference  is  only  -^^  of  a  Ae.y  (about  11  hours)  in  which  time 
the  sun  moves  23'.  If,  therefore,  an  eclipse  sliould  occur  to-tlay  at 
new  moon,  with  the  sun  exactly  at  the  node,  then  after  223  months 
(18  yeai-3  11  days)  a  new  moon  will  occur  again  with  the  sun  only  28" 
west  of  the  node ;  so  that  tbe  circumstances  of  the  Hi-st  eclipse  will 
be  pretty  nearly  repeated.  It  would  however  occur  about  eight  hours 
of  longitude  further  wesC  on  the  earth's  surface,  since  the  223  montba 
exceed  the  even  6585  days  by  ^  of  a  day,  or  !*•  42". 

As  an  example,  the  four  eclipses  of  1878  occurred  as  follows : 
February  2,  solar,  annular;  February  17,  lunar,  partial ;  July  29, 
solar,  total ;  and  August  12,  lunar,  partial,  lu  1896  the  correspond- 
ing eclipses  were  :  February  13,  solar,  annular ;  February  28,  lunar, 
partial ;  August  9,  solar,  total ;  and  August  23,  lunar,  partial. 

396.  Number  of  Beonrrencei  of  a  Given  Eclipse.  —  It  is  usual  to 
speak  of  eclipses  recurring  at  this  regular  interval  as  "repetitions"  of  one 
and  tbe  same  eclipse.  Thus,  the  total  solar  ecllpees  of  April  1S4S,  May  1864, 
May  1882,  May  1000.  June  1918,  June  19.36,  June  1&.')4,  July -1972,  and 
August  3008  are  for  many  purposes  considered  as  mere  recurrences  of  oue  and 
the  same  pheuomeiion.  A  lunar  eclipse  is  usually  thus  "repeat«d"  48  or  49 
times.  Beginning  as  a  very  small  partial  eclipaa,  with  the  sua  about  12° 
taat  of  the  node,  it  will  be  a  little  larger  at  its  next  occurrence  eight«en 
years  later;  and  after  13  or  14  repetitions  the  sun  will  have  come  so  near 
the  node  that  the  eclipse  will  have  l>eoome  total.  It  will  then  be  repeated 
as  a  total  eclipse  22  or  23  times,  aft«r  which  it  will  become  partial  again 
with  the  sun  laest  of  the  node,  and  after  13  more  returns  as  a  partial  eclipse 
will  finally  dwindle  away  and  disappear,  having  thus  recurred  regularly  once 
in  every  223  mouths  during  an  interval  of  865J  years. 

The  same  thing  happens  with  the  solar  eclipses,  only  since  the  solar 
ecliptic  limit  is  larger  than  the  lunar,  a  solar  eclipse  has  from  68  to  75  re- 
turns, occupying  some  1200  years.  Of  these  about  25  are  only  partial 
eclipses,  the  sun  being  bo  near  the  ecliptic  limit  that  the  axU  of  the  shadow 
does  not  reach  the  earth  at  all.  The  45  eclipses  in  the  ndddle  of  the  period 
are  central  somewhere  or  other  on  the  earth,  about  IS  of  them  being  total, 
and  about  27  annular.     These  numbers  vary  somewhat,  however,  in  differ- 
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387.  It  ie  to  be  noticed  that  the  Saros  exhibits  not  only  a  cloae 
coDiDieneurability  of  the  synodic  months  nith  the  edipse  yeais,  but 
also  with  the  nodical^  and  anomalistic  months:  242  nodical  months 
eqaal  6585.357  days;  239  anomalistic  uionths  equal  6585.549  daja. 
This  last  coincidence  is  important.  The  moon  at  the  end  of  the 
Saros  of  223  months  not  only  returns  very  cloeelj  to  ita  original 
position  iirith  reepect  to  ike  sun  and  the  node,  but  also  with  respect  to 
the  Hue  of  apsides  of  its  orbit.  If  it  was  at  perigee  oi-iginally,  it  will 
again  be  within  &ve  hours  of  perigee  at  the  end  of  the  Saros.  If  this 
were  not  so,  the  time  of  the  eclipse  might  be  displaced  several  hours 
by  the  perturbation  a  of  the  moon's  motion,  to  be  considered  later, 
in  Chap.  XII. 

398.  Number  of  Eclipses  in  a  Single  Saroa.  —  The  total  nomber  la 
usually  about  seventy,  varying  two  or  three  one  way  or  the  other,  as 
new  eclipses  come  in  at  the  eastern  limit  and  go  out  at  the  western. 
Of  the  70,  29  are  usually  lunar  and  41  solar ;  and  of  the  solar,  27  are 
central,  1 7  being  annular  and  10  total.  (These  numbers  are  necessarily 
ouly  approximate.)  It  appears,  therefore,  ttiat  total  solar  eclipses, 
tometehere  or  other  on  the  earth,  are  not  very  rare,  there  being  about 
ten  ID  eighteen  years.  Since,  however,  the  shadow  track  averages 
less  than  100  miles  in  width,  each  total  eclipse  is  vteible,  aa  total, 
over  only  a  verj-  small  fraction  of  the  earth's  whole  surface  —  about 
^^Ti  in  the  mean.  This  gives  about  one  total  eclipse  in  360  years,  in 
the  long  run,  at  any  given  station. 

The  total  solar  eclipses  visible  in  the  United  States  during  the  uineteeulli 
century  have  been  the  following :  — 

June  16,  180S,  in  New  York  and  New  England,  duration  4^  minutes; 
Not.  30,  1834,  in  Arkansas,  Missouri,  Alabama,  and  Georgia,  duration  2 
minutes;  July  IS,  1860,  in  Washington  Territory  and  Labrador,  3  minutes; 
Aug.  7, 1869,  in  Iowa,  Illinois,  Kentucky,  North  Carolina,  2|  minutes ;  July  30, 
1878,  in  Wyoming,  Colorado,  Texas,  21  minutes;  Jan.  11, 1880,  in  California, 
duration  32  seconds;  Jan.  1,  ISSfl,  in  California  and  Montana,  2^  minutes; 
Ou  the  morning  of  May  28,  1900,  the  moon's  shadow  crossed  the  country 
from  Texas  to  Virginia,  the  totality  lasting  in  Virginia  about  two  minutes. 

Total  eclipses  visible  in  the  United  States  occur  during  this  century 
in  1B18,  1923,  1925,  1945,  1954,  1979,  1984,  and  1994,  according  to  Oppol- 
wr's  "Canon." 


'  llie  nodical  month  is  the  time  of  the  moon's  revolution  from  one  of  Its  node* 
to  the  same  node  again,  and  is  eijual  to  27''. 21222  ;  the  anomatialic  month  Is 
tlie  time  of  revolution  from  perigee  to  perigee  s^in,  and  equals  27''.55460.  See 
Arts.  4M,  466.    The  nodical  month  Is  also  called  the  dracemitie  month. 
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899.  Oeonltatioiu  of  Stan.  —  Id  theory,  and  in  the  method  of  com- 
putation, the  occultation  of  a.  star  ie  precisely  like  a  solar  eclipse,  except 
that  the  shadow  of  the  moon  projected  by  a  star  is  a  cylinder  instead 
of  a  cone,  since,  compared  with  the  distance  of  the  sun,  that  of  a 
star  ia  infinite :  moreover,  the  star  is  a  mere  point,  so  that  &ere  is 
no  sensible  penumbra.  Id  other  words,  a  star  has  neither  parallax 
nor  semi-diameter,  and  these  circumstances  somewhat  simplify  the 
foi-mulffi. 

As  the  moon  moves  always  towards  the  east,  the  disappearwice  of 
the  star  always  takes  place  at  the  eastern  limb,  and  the  reappearance 
at  the  western.  In  the  first  half  of  the  lunation  the  eastern  limb 
ia  dark  and  invisible,  and  the  star  vanishes  without  warning.  The 
suddenness  with  which  it  vanishes  and  reappears  has  already  been 
referred  to  (Art.  255)  as  proof  of  the  non-exUtence  of  a  lunar  atmos- 
phere. Observations  of  this  sort  determine  the  moon's  place  with 
great  accuracy,  and  when  corresponding  observations  are  made  at 
different  places,  tbey  supply  one  of  the  best  possible  means  of  de- 
termining their  difference  of  longitude. 

In  some  cases  observers  have  reported  that  a  star,  instead  of  disappearing 
instantaneously  when  struck  by  the  moon's  limb  (faiatly  visible  by  earth- 
shine),  has  appeared  to  cling  to  the  limb  for  a  second  or  two  before  vani^lh 
ing,  and  in  a  few  inataoces  tbey  have  even  reported  it  as  having  reappe&red 
and  disappeared  a  second  time,  as  if  it  had  been  for  a  moment  visible  through 
a  rift  in  the  moon's  crust.  Some  of  these  anomalous  phenomena  have  been 
explained  by  the  subsequent  discovery  that  the  star  was  double,  or  bad  a 
faint  companion,  but  for  the  most  part  are  probably  due  to  "bad  definition" 
of  air  or  instrument,  or  to  physiological  causes  in  the  observer. 

39^.     (Supplementary  to  Art  377.)     During  the  progress  of  a  lunar 

eclipse  the  heat  radiated  from  the  moon  varies  almost  exactly  with  the  light, 
so  that  when  the  totality  begins  the  beat  has  lost  full  98  per  cent  of  its 
original  amount,  and  during  the  totality  falls  ofi  about  one  per  cent  more. 
Then,  as  the  light  returns,  the  heat  rises  almost  as  rapidly  as  it  felL  This 
indicates  that  the  lunar  surf  ace  has  almost  no  power  of  "«oriny"  heat,  —  a 
natural  consequence  of  its  airlesaness. 

A  very  singular  fact,  moreover,  is  that  after  the  eclipie  the  lunar  radiation 
doa  not  for  leaeral  boura  recover  the  value  it  had  before  the  ectipte  began.     In 
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1888,  when  the  mooo  left  the  penmiAra,  and  WM  again  ref^ving  unobatnicted 
sunshine,  the  heat  had  risen  to  only  80  per  cent  of  the  original  value,  aud 
lb  40m  later  had  gained  only  one  per  cent  more.  The  same  thing  WM 
obserred  in  1881.     No  explanation  as  yet  appears. 

KoTB  ON  THS  Solar  Eclipse  or  Januaby  22d,  1898. 

The  shadow  of  the  moon  traversed  the  continent  of  India  in  the  early 
afternoon,  striking  the  western  coast  about  150  miles  south  of  Bombay,  and 
crossing  the  Himalayas  near  Mt,  Everest.  The  weather  was  fine  all  along 
its  patli,  and  the  numerous  obserrera  at  more  than  a  dozen  stations  were 
hrilliantly  auccessfiil,  almost  without  exception.  The  duration  of  totality, 
however,  was  unfortunately  very  short,  —  hardly  two  minutes. 

It  was  too  early  when  this  chapter  went  to  press  to  give  the  final  results 
of  the  observations ;  it  is  probable  that  the  abundant  data  collected  will  soon 
be  dec! uve  in  respect  to  many  important  problems  of  solar  physics,  —  espe- 
cially those  which  relate  to  the  origin  of  the  Fraunhofer  lines. 

Tha  "flash-spectmm"  (see  note  to  Art.  319)  was  successfully  photographed 
at  a  number  of  stations,  both  with  spectroscopes  of  the  ordinaiy  form  and 
with  prismatic  cameras,  and  with  a  dispersion  fully  double  that  used  by 
Mr,  Shackleton  in  1S98.  The  comparison  of  these  photographs  with  those 
of  the  ordinary  solar  spectrum  made  with  similar  dispersive  power  can 
hardly  fail  to  determine  what  lines  originate  low  down  in  the  solar  atmos- 
phere, and  which  of  them,  if  any,  are  produced  only  in  its  upper  levels. 

Fully  a  hundred  photographs  of  tlie  corona  were  made  with  instruments 
ranging  from  telescopes  of  iO-ieet  focal  length  down  to  small  cameras. 
One  set  of  negatives  made  with  a  polariscopic  apparatus  shows  distinctly 
the  polarization  of  one  of  the  longest  streamers,  indicating  the  presence  of 
dust  oi  mist.  The  gaseous  elements  of  the  corona  were,  however,  unusually 
faint,  and  no  advance  seems  to  have  been  mode  towards  determining  more 
exactly  the  true  position  of  the  violet  rings  iu  the  corona  spectrum,  referred 
te  in  Art.  329. 

The  corona  on  this  occasion  had  the  form  of  an  irregular  four-rayed  star, 
the  principal  streamers  issuing  from  the  sun-spot  zones,  while  the  equatorial 
extenrion  was  short  and  faint 

The  photographs  made  during  the  eclipses  of  1900  and  1901  fully  coniiTm 
the  results  stated  above,  and  those  of  Mr.  Evershed  show  a  number  of  addi- 
tional coronium  and  helium  lines  in  the  ultra-violet. 
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EXERCIBBS   OS   CHAPTERa  X   AUD  XL 

1.  If  the  diameter  of  the  sun  is  decreasing  at  the  rate  of  300  feet  a 
year,  how  long  before  its  apparent  diameter  will  have  decreased  by  1"? 
(See  Art.  276.)  Ana.   7927  years. 

2.  U  the  rate  of  shrinkage  be  aHanined  to  continue  uniform  (i.«.,  300 
fept  a  year,  nn  improbable  assumption),  how  long  will  it  be  before  its 
diameter  is  diminished  by  one  per  cent?  Ant.   Over  150000. 

8.  How  much  would  its  density  then  be  increased  ? 

4.  Taking  the  calorie  as  equivalent  to  428  kilogram-metres  of  energy, 
what  weight  falling  100  metres  would  at  the  end  of  its  fall  possess  an  energy 
equal  to  that  of  the  solar  radiation  received  in  an  hour  upon  ten  square 
metres  of  the  earth's  surface,  allowing  for  a  loss  of  fifty  per  cent  absorbed 
by  the  air?  ^^    38520  kilograms. 

6.  AsBuming  (Art.  332)  that  sunl^ht  at  the  earth  equals  70000  times 
that  of  a  standard  candle  at  a  distance  of  one  metre,  at  what  distance  would 
the  light  of  the  sun  equal  that  of  a  2000  candle-power  electric  arc  ton  metres 
distant? 

Ant.   About  50  times  the  earth's  distance  from  the  sun. 

6.  Can  an  eclipse  of  the  moon  ever  occur  in  the  daytime?  (Consider 
the  possible  effect  of  refraction.) 

J^  7.  Why  cannot  there  be  an  annular  eclipse  of  the  moon  ? 

8.   Which  are  most  frequent  in  New  York,  solar  eclipses  or  lunar? 

-^0.   If  a  lunar  eclipse  has  occurred  this  year  in  August,  can  there  be  one 
in  June  of  next  year  ?  or  in  October?    If  not,  why  not? 

10.  Can  an  occaltatioD  of  Venus  occur  during  an  eclipse  of  the  moon? 
Is  one  of  Jupiter  possible? 

11.  In  a  solar  eclipse  which  side  of  the  sun's  disc  is  first  touched  by  the  . 

moon,  the  east  or  the  west?    , 

12.  Does  the  shadow  of  the  moon  during  a  solar  eclipse  ever  travel  west- 
ward over  the  surface  of  the  earth  ?  (Consider  the  case  of  an  eclipse  within 
the  polar  circle  occurring  near  midnight.) 
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CHAPTER  XII. 

CENTRAL  FOECES  :   EQUABLE  DE80BIPTION  OF  ABEAfl. ABEAL, 

LINBAB,  AND  ANOOLAB  VELOCITIES KBPLEb'S  LAWS  AND 

INFEBENCES   FROM  THEM.  —  GRAVITATION    DEMONSTRATED 

BY    THE   moon's  MOTION CONIC  SECTIONS   AS   0BBIT8.  -^ 

THfi  PBOBLEM  OP  TWO  BODIES.  —  THE  "  VELOCITY  FROM 
INFINITY,"  AND  ITS  BELATION  TO  THE  SPECIES  OF  OBBIT 
DE8CBIBED  BY  A  BODY  MOVING  UNDER  GEAVITATION. — THE 
INTENSITY  OF  GEAVITATION. 

40(X  A  H0T1HG  body  left  to  itself,  according  to  Newton's  first 
law  of  motion  (Phyaics,  p.  26),  moves  on  forever  in  a  straight  line 
with  a  nniform  velocity.  If  we  find  a  body  so  moving,  we  may, 
therefore,  infer  that  it  is  either  acted  on  by  no  force  whatever,  or, 
if  forces  are  acting  upon  it,  tha,t  they  exactly  balance  each  other. 

It  has  been  customary  with  some  writers  to  speak  of  a  body  thus  moring 
"uniformly  in  a  straight  line"  as  actuated  by  a  "projectile  force,"  a  very 
unfortunate  espression,  which  is  a  survival  of  the  Aristotelian  idea  that  rest 
is  more  '>  natural "  to  matter  than  motion,  and  that  when  a  body  moves, 
some  force  must  operate  to  keep  it  moving.  The  mere  uniform  rectilinear 
motion  of  a  material  mass  in  empty  space  implies  no  action  of  a  pbysical 
cause,  and  demands  explanation  only  as  mere  existence  does.  Change  of 
motion,  either  in  speed  or  in  direction — this  alone  implies  ybrve  in  operation. 

401.  If  a  body  moves  in  a  straight  line,  with  swiftness  either 
increasing  or  decreasing,  we  infer  a 
force  acting  esactly  in  the  line  of  mo- 
tion, and  accelerating  or  retarding  it. 
If  it  moves  in  a  curve,  we  know  that 
some  force  is  acting  athwart  the  line 
of  motion.  If  the  velocity  in  the  curve 
increases,  we  know  that  the  direction 
of  the  force  that  acts  is  forward,  like  Fm.  U4.— CiuTMuTeofuiOTblt. 
ai>  (Fig.  134),  making  an  angle  of  less 

than  90°  with  the  "line  of  motion"  at  (the  tangent  to  the  path  of 
the  body)  i  and  vice  versa,  if  the  motion  of  the  body  is  retarded. 
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If  the  speed  does  not  alter  at  all,  we  know  that  the  force  must  act 
along  the  line  ac,  exactly  perpendicular  to  the  line  of  motion. 

Here,  also,  ire  find  many  writers,  the  older  ones  especially,  bringing  in 
the  "projectile  force,"  and  saying  that  when  a  body  moves  in  a  curve  it  does 
BO  under-  the  action  of  ttoo  forces,  one  a  force  that  draws  it  sideways,  the 
other  the  "projectile  force"  directed  along  its  path.  We  repeat;  tliis  "pro- 
jectile force  "has  no  present  existence  or  meaning  in  the  problem.  Such 
a  force  may  have  put  the  body  in  motion  long  ago,  but  its  fonctiou  has 
ceased,  and  noto  we  have  only  to  do  with  the  action  of  one-  single  force,  — 
the  deJUeting  force,  which  altera  the  direction  of  the  body's  motion.  Of 
course  it  is  not  intended  to  deny  that  the  deflecting  force  may  itself  be  the 
resoltant  of  any  number  of  forces  all  acting  together ;  but  a  single  force  act- 
ing athwart  a  t>ody'e  line  of  motion  is  sufficient  to  cause  it  to  describe  a 
curvilinear  orbit,  and  from  such  an  orbit  we  can  ouly  infer  the  necettar^ 
existence  of  on«  such  force. 

403 .  DMoriptioii  of  Areai. — (a)  If  a  body  is  moving  uniformly  on 
a  straight  line,  and  if  we  connect  the  points  A^  By  C7,eto.,  Fig.  135,  whiob 
it  occapies  at  the  end  of  successive  units  of  time  with  any  point  what- 
ever, as  0,  we  shall  have  a  series 
of  triaoglee, .  ^OS,  etc.,  tohick 
teiU  aU  be  equal ;  since  their  bases 
AB,  BO,  etc.,  are  equal  and ^a_ 
the  same  straight  line,  and  they, 
have  a  common  vertex  at  0. 
Calling  the  line  from  ^  to  O  its 
radius  vector^  and  0  the  "  cen- 
tre," we  may  say,  therefore,  that 
DsKTipUon  of  atbh  In  Uniform  Motion.  when  a  body  is  moving  andia- 
turbed  by  any  force  whatever, 
its  radius  vedor,  from  any  cejUre  arbitrarily  chosen,  describes  equal 
areas  in  equal  titnes  around  t?uU  centre.  The  area  enclosed  in  the 
triangle  described  by  the  radius  vector  in  a  unit  of  time  is  called 
the   body's  ^^  areal   (or  "oreoior")  velocity,"  and  in  this   case   is 


403.  (&)  Moreover,  any  impulse  in  the  line  of  the  radifts  vedfou 
either  tMoards  or  from  the  centre,  leaves  unchanged  both  thejalcaie  qf 
the  body's  motion  and  its  areal  velocity. 

Suppose  a  body  moving  uniformly  on  the  Hue  AC  (Fig.  136)  with 
such  a  velocity  that  it  describes  AB,  BO,  etc.,  in  successive  units  of 
time;  then,  by  the  preceding  section,  the  areal  velod^  will  be  con- 
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stant,  and  measured  by  the  area  of  an;  one  of  the  equal  triangles 
AOB,  BOC,  or  COL.  Suppose,  now,' that  at  C  the  body  reoeires 
an  "impulse"  directed  along  the  radius  vector  towards  0  —  a  blow, 
fnr  instance,  which  by  itself  would  make  the  body  describe  CK  in  a 
unit  of  time.  The  body  will  now  take  a  new  path,  wMoh  will  carry 
it  to  the  point  i>,  determined  by  constructing  the  "parallelogram  of 


Fio.  13(.  —  DaaorlptlOD  at  Atmii  onder  *ii  Impulse  directed  tovkrds  »  Cenlie. 

•motions"  CKDL,  and  thus  combining  the  new  motion  CJTwith  the 
former  motion  CL,  according  to  Newton's  second  law  (Physics,  p.  26). 
The  new  areal  velocity,  measured  by  the  triangle  OCD,  will  be  the 
same  as  before,  as  is  easily  shown. 

Triangle  £0C=  triangle  COL,  because  5(7=  (7i,  and  Ois  their 
common  vertex. 

Also,  triangle  COi  =  triangle  COD,  because  they  have  the  com- 
mon base  OC,  and  their  summits  L  and  D  are  on  a  line  which  waa 
drawn  parallel  to  this  base  in  constructing  the  parallelogram  of 
motions.  Hence,  triangle  BOC  =  triangle  COD,  and  the  areal 
vtloeittf  remains  unchanged. 

Also,  as  may  ha  seen  by  following  out  the  samo  reasoning  with 
1  Cff' and  Cii',  the  same  result  would  hold  true  ji.tJiiiiBpul^fiJlftd 
l»en  di_rected  awayjrom  0  instead  of  towards  it. 

404.  Jbis  result  depends  entirely  on  the  fact  that  the  impulse  CK  or 
^[jiK  ixactly  along  the  radivs  vector  CO,     If  it  bad  not  been  so,  then  in 
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constructing  the  parallelograin  of  motions  to  find  the  points  D  and  IV,  ira 
should  have  had  to  draw  £J>  or  £^Z>' nor  parallel  to  CO,  and  the  two  triangles 
BOC  and  COD  would  necessarily  have  heen  unequal.  COD  would  be 
greater  than  BOC  if  CK  were  directed  ahead  of  the  radios  vector,  and  less 
if  behind  it. 

Aa  regards  the  plane  of  motioD,  the  point  D  ia  on  the  plane  OCL, 
because  LD  waa  drawn  through  X  parallel  to  OC.  OCL  ia  a  part 
of  the  plane  which  coDttuoa  the  triangles  BOC  and  AOB,  and  hence 
OOD  also  lies  io  the  aame  plane. 

40S.  (c)  From  thia  obviousl;  follows  the  important  general  prop- 
osition that  wAero  a  6o(Js.  w  moving  vnder  the  action  of  a  Jonxalvxiyi, 
directed  towardB  or  from  a  fixed  centre^  the  radina  vector  viiJlde^i^_ 
equal  areas  in  equal  times j  and  the  path  of  the  bodi/  will  aU  to^tn^nt 

Such  a  force  constantly  acting  ia  aimpl^v  equivalent  to  an  indefinite 
number  of  separate  impulses.  Now  if  do  single  impulse  directed 
along  the  radius  vector  can  alter  the  areal  velocity  or  plane  of  motion, 
neither  can  a  aucceeaion  of  them.     Hence  the  proposition  follows. 

In  case  of  a  coniinuously  acting  force  the  orbit,  however,  will 
become  a  curve  iDstcad  of  being  a  broken  line. 

Observe  that  thia  proposition  remains  true  whether  the  force  is 
attractive  or  repulsive,  and  that  it  is  indei>endent  of  the  law  of  the 
force ;  that  ia,  the  force  may  vary  directly  with  the  distance,  or  t'n- 
versely  as  the  square  of  the  distance,  or  as  the  logarithm  of  it,  or  in 
any  conceivable  way ;  it  may  even  be  discontinuous,  acting  only  at 
intervals  and  ceasing  betiveen  times  :  and  still  the  law  holds  good. 

4M.  Conversely,  ^  a  hody  moves  in  this  way,  describing  equai 
areas  in  equal  lijnes  around  a  point,  it  is  easily  shown  that  all  the 
forces  acting  upon  ths  body  must  be  directed  toward  that  point.^ 

We,  however,  leave  the  demonstration  to  the  student. 

Since  tiie  earth  moves  very  nearly  in  this  way  in  its  orbit  around 
the  ann,  we  conclude  that  the  only  force  of  any  consequence  acting 
upon  the  earth  is  directeii  towards  the  sun.  We  say,  "of  any  coo- 
sequence,"  because  there  are  other  small  forces  which  do  slightly 
modify  the  earth's  motion,  and  prevent  it  from  exactly  fulfilling  the 
law  of  areas.        

As  a  direct  consequence  of  the  law  of  equal  areas  we  have  certain 
laws  with  respect  to  the  linear  and  angular  velocities  of  a  body  mov- 
ing under  the  action  of  a  central  force. 
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407.  lAir  of  Limar  Valooity.  —  Sappose  a  body  moving  under 
ihe  action  of  a  force  always  directed  towards  S  (Fig.  187),  and  let 
AB  be  a  portion  of  its  path  nbich  it  de- 
scribes in  a  secoDd.  Draw  the  tangent 
5&.  Regarding  tlie  sector  AJSB  as  a 
triangle  (which  it  will  be,  sensibly,  ^ce 
file  carv&tnre  of  the  path  In  one  second 
will  be  very  small)  the  area  of  this  tri- 
angle wUl  be  ^(AB  X  Sb).  Now  AB, 
the  distance  travelled  in  a  second,  is 
the  linear  velocity  of  the  body  (called 
Unear  because  it  is  measured  with  the 
same  units  as  any  other  line;  i.e.,  in 
miks  or  in  feet  per  second) ,  and  Sb  is  the 

distance  from  the  centre  of  force  to  the  "  line  of  motion,"  as  the  tan> 
gent  Bb  is  called.  For  Sb,  p  is  nsnally  written ;  hence  in  every 
part  of  the  same  orbit,  K(the  velocity  in  miles  per  eecondj  = — ,  and 

is  invewely  proportionaL^to  j£.  If  p  were  to  become  zero,  V  would 
become  infinite,  unless  A  were  zero  also. 

406.  Lav  of  Ang"*"^  Velocity.  —  Referring  again  to  the  same 
figure,  the  area  of  ASB  is  equal  to  ^  {AS  x  BS  X  Bin  AjSB),  or 
^  =  ^r,r,sina).  If  we  draw  r  to  the  middle  point  of  AB,  then  r^r, 
s=T*,  nearly,  since  in  a  second  of  time  the  distance  would  not 
change  perceptibly  as  compared  with  its  whole  length,  w  will  also 
be  a  small  angle,  so  that  its  sine  will  equal  the  angle  itself  expressed 
in  radians ; 
hence  i»^«>  =A,  and  <u  =  — j-. 

Now  u  is  the  angular  velodty  of  the  body ;  that  is,  the  number  of 
"  radians  "  which  it  describes  in  a  second  of  time,  as  seen  from  iS, 
while  r  ia  the  radius  vector. 

409.  In  every  case,  therefore,  of  motion  under  a  central  force, 
I.  The . AretU  velocity/  {acres  per  second)  Ja^mn^a^;  II.  The 
Lmear  velocity  {miles  per  second)  varies  inversely/  as  the  distance  from 
the  centre  of  force  to  the  bodies  line  of  motion  at  the  moment,  which 
line  o7~motion  is  the  tangent  to  the  orbit  at  the  point  where  the  body 
happens  to  be;  III.  The  Angidar  velocity  {radians,  <yr  degrees, per 
second)  varies  inversely  as  the  square  of  the  distance  of  the  body  from 
tfle  centre  of  force. 
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410.  The  student  will  remember  that  it  was  fouad  by  observation 
that  the  sun's  angular  velocity  varies  as  the  square  of  its  apparent 
diameter,  and  from  this  (Art.  186)  the  lav  of  equal  areas  was  inferred 
as  a  fact  with  respect  to  the  earth's  motion.  Newton  was  the  first 
to  point  out  that  a  body  moving  under  the  action  of  a  central  force 
must  neceeaarily  observe  this  law  of  areas,  and,  conversely,  that  a 
body  thus  observing  the  law  of  areas  must  necessarily  be  under  the 
control  of  a  central  force. 

^  411.  Cironlar  XotioiL  —  In  the  case  of  a  body  moving_in  a  cireU 
jmder  the  action  of  a. central  force,  the  force  must  be  constant,  and 
physics,  p.  17)  is  given  by  the  formula 

/=f'.  (») 

in  which  r  is  the  radius  of  the  circle  and  F'the  velocity,  while _/"  is 
the  central  force  measured  as  an  "acceleratiopj^iii  metres  for  feet) 
per  secondj  that  is,  by  the  number  of  units  of  velocity  which  the 
force  would  generate  in  the  body  in  a  second  of  time;  just  as  the 
force  of  gravity  is  expressed  by  writing,  g  =  9.81  metres. 

For  many  purposes  it  is  desirable  to  have  an  expression  which 
shall  substitute  for  V  (a  quantity  not  given  directly  by  observation) 
the  time  of  revolution,  t,  which  is  so  given.     Since  V  equals  the 

circumference  of  the  circle  divided  by  (,  or  -— ,  we  have  at  once,  by 

substituting  this  value  for  V  in  equation  (a), 

This,  of  course,  is  merely  the  equivalent  of  equation  (o),  but  is 
often  more  couTeoient. 

KEPLER'S    LAWS. 

41S.  In  1607-1620  Kepler  discovered  as  facts,  without  an  expla- 
nation, three  laws  which  govern  the  motions  of  the  planets,  —  laws 
which  still  bear  his  name.  He  worked  them  out  from  a  discussion 
of  the  observations  which  Tycho  Brahe  had  made  through  many 
preceding  years.     The  three  laws  are  as  follows  :  — 

I.  The  orbit  of  each  planet  is  an  ellipse,  tvith  the  sun  in  one  of  its 
foci. 

II.  The  radius  vector  of  each  planet  describes  equal  areas  in  e$ual 
timet. 
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III.  Tbe  '^Harmonic  law,"  so-called.  Theaguares  of  the  periods 
o^TSe  pfanets_a^^_2Jv^Ttional  tojhe  aihea  of  their  mean  distances 
from  (AejMtn;  Le.,  tx:t^:=a^:a%.     (See  Art.  423,  last  sentence.) 

413.  To  make  sure  that  the  etudeat  apprehendB  the  meaning  and  scope 
of  tbb  third  law,  we  append  a  few  simple  examples  of  its  application. 

(1)  What  would  be  the  period  of  a  planet  having  a  mean  distance  from 
thesuDof  100  aatronomical  units;  i.e.,  a  distance  100  times  that  of  the  earth? 

{Earlh't  Dial.}*:  (Planet'*  Di»t.)*  =  (EaHh'i  Period)*  :  (Planet's  Periody-, 
i.e^  !•■:  100*  =  1*  (year)  :  X*  (years), 

whence,  X  =  100*  =  1000  years. 

(2)  What  would  be  tbe  distance  of  a  planet  having  a  period  of  125  years? 

(1)*:125'  =  1»:^, 
whence,  X  =  125'  =  25  (Astron.  units). 

(3)  How  long  would  a  planet  require  to  fall  to  the  sun? 

If  tbe  eon  were  collected  in  a  single  point  at  its  centre,  a  body  starting 
from  a  point  on  the  planet's  orbit  with  a  slight  side  motion,  i.e.,  motion  at 
right  angles  to  tbe  radius  vector,  would  describe  an  eitremely  narrow  ellipse 
around  the  sun,  with  its  perihelion  just  at  the  sun,  and  the  aphelion  at  tbe 
starting-point.  Practically  it  would  "fail  to  the  sun,"  and  return  just  as  if 
it  had  rebounded  from  a  perfectly  elaetic  surface  :  the  time  of  "  falling  " 
vould  be  just  equal  to  that  of  returning  —  the  two  making  up  the  whole 
period  of  the  body  in  the  narrow  ellipse.     Now  the  semi-major  axis  of  this 

narrow  ellipse  is  evidently  one-half  tbe  radius  of  tbe  planet's  orbit.    Hence, 

to  find  the  period  in  this  ellipse  which  is  2r  (r  being  taken  as  tbe  time  of 

"falling"),  we  have 

«»:{Ja)»  =  («:(2T)»,  or  1  :i  =  C  :4t' ; 
whence,  t  =  (Vj^  =  0.1768r,  t  being  the  planet's  period. 

fn  tbe  case  of  the  earth  r  =  365J  x  0.1768  =  04.56  days. 

C4>  What  would  be  tbe  period  of  a  satellite  revolving  close  to  the  earth's 

(Afoon'j  Di*t.f  :  {Diit.  of  Satemef  =  (27.3  days)*  :  X*, 
"^  60" :  1'  =  {27.8)» :  X', 


60' 


C^;^  Hon  much  would  an  increase  of  10  per  cent  in  the  earth's  distance 

****■    the  sun  increase  the  length  of  the  year?  Ani.   56.13  days. 

^^  ^  What  is  tbe  distance  from  the  sun  of  an  asteroid  which  has  a  period 


If  a 


-^  years}  Ang.  2.305  Astron.  units. 
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414.  Many  surmises  were  made  as  to  the  physical  meaning  of 
these  laws.  More  than  one  astronomer  guested  that  a  force  directed 
toward  the  sun,  or  emanating  from  it,  might  be  the  explanation. 
Newton  proved  it.  He  demonstrated  the  law  of  equal  areas  and  its 
coDverse  aa  necessary  consequences  of  the  laws  of  motion.  He  also 
proved  that  if  a  body  move,  as  does  the  earth,  in  an  ellipse  having 
a  centrR  of  force  at  its  focus,  then  the  force  at  different  points  in  the 
orbit  must  vary  inversely  as  the  square  of  the  distance  from  that 
centre.  And,  finally,  he  showed  that,  granting  the  harmonic  law, 
the  force  from  planet  to  planet  must  also  vary  according  to  the  same 
law  of  inverse  squares. 

416.  The  demonstration  of  this  last  proposition  for  circular  orbits  is  m) 
simple  that  we  give  it,  merely  adding  (without  proof)  that  the  proposition 
is  equally  true  for  elliptical  orbits,  if  for  r  we  put  a,  the  semi-major  axis  of 
the  orbit. 

In  a  circular  orbit,  from  equation  (6),  (Art.  411),  we  have 


/=*<?)• 


where  r  and  t  are  the  diatance  and  period  of  a  planet.     In  the  same  way  the 
force  acting  upon  a  second  planet  is  found  from  the  equation 


/,= 

"1 

?■)■ 

whence, 

?x 

(9 

But  by  Kepler's  third  law 

('  ;  (,' 

::r» 

'i'. 

he 

^_ 

'^ 

w    nee. 

^ 

T* 

Substitute  this  value  of  Ii' 

In  the 

preceding 

^^ 

i.e., 

■,/:/ 

=  r, 

»Tr», 

which  is  the  law  of  inverse  squares. 

416.     Conversely,  the  harmonic  law  is  just  as  easily  shown  to  be  a  neces- 
sary consequence  of  the  law  of  gravitatioD  in  the  case  of  circular  orbits. 
From  Art.  411,  Eq.  (6),  we  have 


D.oiliz.oB,GoOglc 


COEEECTION   OP  KEPLEH'S   THLBD   LAW.  277 

aJso,  from  the  Ibw  of  gravitation, 

/  =  -^i  M  being  the  mass  of  the  son. 
Heoce,  equating  the  two  values  of/, 

r*  (*  M 

Similarly  for  another  planet, 

,      4t«   , 


The  demonstration  for  ellifitical  orbits  is  a  little  more  complicated,  involv- 
ing the  "  law  of  areas."  It  is  given  in  all  works  on  Theoretical  Astronomy, 
and  may  ha  found  in  Loomis's  "  Treatise  on  Astronomy,"  p.  134. 

■  417.  Correction  of  Eepler'i  Third  Law.  —  The  "  harmonic  law  "  as 
it  stands  is  not  exactly  true^  though  the  difference  is  too  small  to  appear  in 
the  observations  which  Kepler  made  use  of  in  its  discovery.  It  would  be 
exactly  true  if  the  planets  were  mere  particles  of  matter  ;  but  as  a  planet's 
mass  is  a  sensible,  though  a  very  small  fraction  of  the  sun's  mass,  it  comes 
into  account.  The  planet  Jupiter,  for  instance,  attracts  the  sun  as  well  as  is 
attracted  by  it.     If  at  the  distance  r  Jupiter  is  drawn  towards  the  sun  by  a 

force  which  would  give  it  in  a  second  an  acceleration  expressed  by  G-^  (the 

lun's  mass  being  Jl/),  then  the  sun  in  the  same  time  is  accelerated  towards 

Jupiter  by  the  quantity  G-^  (m  being  the  mass  of  Jupiter).    The  rate  at  which 


in  discussing  the  motions  of  the  planet  Jupiter  around  the  centre  of  ike  aun, 
instead  of  writing 

/=  (?-—  simply,  we  must  put/=  G — -j— .  G  being  the  "  constant  of  Gravi- 
tation "(Art  161). 

4xV 
But  (in  the  case  of  circular  motion)  /  =  — j— 

Hence,  we  find  G(»(jl/+m)  =  4)rV; 

or,  as  a  proportion,  t\M  +  m)  :  t^\M  4-  m,)  =  r«  :  r,»,  . 

which  is  iirictly  true  as  long  as  the  planet's  motions  are  undisturbed. 
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418.    Iii|eniiOM,^m  Kepler'i  Lam.  —  From  Kepler's  laws  we 
are  entitled  to  infer  — 
.  Fint  (from  the  second  lav),  that  the  force  which  retains  the  planets 
in  their  orbits  is  directed  toward*  tke  tun. 

Second  (from  the  first  law),  that  on  any  ^Ten  planet  the  force 
varies  inversely  as  the  square  of  its  distance  from  tke  sun. 

Third  (from  the  harmonic  law),  that  the  force  is  the  same  for  one 
planet  as  it  would  be  for  another  in  the  same  place ;  or,  in  other 
words,  the  attracting  force  rfepenA  only  on  the  mass  and  distance  of 
tke  bodies  concerned,  and  is  whoUy  independent_oftheir  physical  co»; 
ditionSj  such  as  their  temperature,  chemical  constitution,  etc.  It 
'  makes  no  difference  in  the  motion  of  a  planet  around  the  eun  whether 
it  be  made  of  hydrogen  or  iron,  whether  it  be  hot  or  cold. 


410. 


Veriflostion  of  "  Oravitation"  by  Keaiu  of  the  Hoon't  Ho- 
tion.  —  When  the  idea  of  gravita- 
tion first  occurred  to  Newton  he 
endeaTored  to  verify  it  by  com- 
paring the  force  which  keeps  the 
moon  in  her  orbit  with  the  force 
of  gravity  at  the  earth's  surface, 
reduced  in  the  proper  proportion. 
For  lack,  however,  of  an  accurate 
knowledge  of  the  earth's  dimen- 
sions,' he  failed  at  first,  there  being 
a  discrepancy  of  about  sixteen  per 
cent.  He  had  assumed  a  degree 
to  be  exactly  sixty  miles  in  length. 
Some  years  afterward,  when  Pio- 
ard's  measure  of  the  arc  of  amerid- 
ian  in  Northern  France  had  been 
.  made  and  reported  to  the  Royal  Society,  making  a  degree  about  sixty- 
nine  miles  long,  he  saw  at  once  that  the  new  value  would  reconcile  the 
discrepancy ;  and  he  resumed  his  unfinished  work  and  completed  iL 


420.  At  the  earth's  surface  a  body  falls  about  193  inches  in  a 
second.  '  The  distance  of  the  moon  being  very  nearly  sixty  times  the 
earth's  radius,  if  gravity  really  varies  inversely  as  the  square  of  the 


1  He  nag  long  baffled  also  tij  the  difflcnlty  of  proving  that  tbe  attraction  of  a 
globe  is  the  same  ae  if  Its  matter  were  concentrated  at  its  centre. 
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distance,  a  stone  at  that  distance  from  the  earth  should  fall 


60" 
aa  far ;   that  is,  it  ought  to  fall  ""l"'^""  =  0.0535  inches,  - 


_    __    _    __    I93inch^_ 

3600  *""  ' ""' 

a  little  more  than  one-twentieth  of  an  inch.  Now  the  distance  which 
the  moon  actually  does  fall  towarda  ^^  earth  in  a  second,  i.e.,  the 
deflection  of  Ua_orbit_J'Tom.  a  straight  line  in  a  second  of  time.,  is  easily 
found ;  and  if  the  force  which  keeps  the  moon  in  its  orbit  is  really  the 
aame  as  that  which  makes  bodies  fall  towards  the  centre  of  the  earth, 
this  deflection  ought  to  come  out  equal  to  0'"'.0535.   Let  AE  (Fig. 

138)  be  the  distance  the  moon  travels  in  a  second  =-^iwhereris  the 
radius  of  the  moon's  orbit,  and  t  the  number  of  secouds  in  a  month. 
Then,  since  AEF  is  a  right-angled  triangle,  we  have, 

AB:AEi:AE:AF{QT2T)  j 


The  calculation  is  easy  enough,  though  the  numbers  are  rather  large. 
Ah  a  result  it  gives  us  AB  =  0,0534  incheg,  which  is  practically  equal 
te^e  thirty-six  hundredth  part  of  193  inches. 

If  the  quantities  did  not  t^ree  in  amount,  the  discrepancy  would 
disprove  the  theory,  and,  as  we  have  said,  Newton  loyally  gave  it  up 
QDtil  he  was  able  to  show  that  the  apparent  discordance  was  the  result 
of  a  mistake  in  the  original  data,  and  disappeared  when  the  data  were 
corrected.  The  agreement,  however,  does  not  establish  the  theory, 
but  only  renders  it  probable.  It  does  not  establish  it  completely, 
because  it  is  conceivable  that  the  agreement  might  be  a  case  of  acci- 
dental coincidence,  while  the  forces  might  really  differ  as  much  in 
their  nature  as  an  electrical  attraction  and  a  magnetic. 

421.  Newton  was  not  satisfied  with  merely  showing  that  the  prin- 
cipal motions  of  the  planets  and  the  moon  could  be  explained  by  the 
law  of  gravitation ;  but  he  went  on  to  investigate  the  converse  prob- 
lem, and  to  determine  what  must  be  the  motions  necessary  under  that 
law.  He  found  that  the  orbit  of  a  body  moving  around  a  central  mass 
is  not  of  necessity  a  circle,  or  even  a  nearly  circular  ellipse  like  the 
pknetary  orbits,  but  that  it  may  be  a  conic  section  of  any  eccentricity 
whatever — a  circle,  ellipse,  parabola,  or  even  an  hyperbola;  but  it 
nw(  he  a  conic. 
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423.    For  tbe  benefit  of  those  of  our  readere  who  are  not  acqaaiDted 

with  conic  sectione  we  give  the  following  Iprief  account  of  them 

(Pig.  139):  — 

a.   If  a  cone  of  any  angle  be^eut  perpendictdarly  to  the  axis,  the 

section  will  be  a  circle — MN  in  the 

figure. 

b.  If  it  be  cut  by  a  plane  which 
makes  with  the  axis  ao  angle  greater 
tHan  tbe  eemi-angle  of  the  cone,  so 
that  the  plane  of  section  cuts  com- 
pletely across  the  cone  (as  EF),  the 
section  is  an  ellipse;  the  circle  being 
merely  a  special  case  of  tbe  ellipse. 
Ellipsea,  of  course,  differ  greatly  in 
form,  trom  those  which  are  vety 
narrow  to  the  perfect  circle. 

c  1^  parabola  is  formed  by 
cutting  the  cone  with  a  plaoe  paralld 
to  its  side;  i.e.,  making  with  the  axis 
an  angle  eguai  to  the  semi-angle  of 
the  cone.  RPO  is  snch  a  plane.  As 
all  circles  are  alike  in  form,  so  are 
all  parabolas,  whatever  the  angle 
of  the  cone  at  V  arid  wherever  the 
point  P  is  taken.  If  the  cutting 
^  plane    is    thus    situated,   then,   no 

matter  what  is  the  angle  of  the 
cone  or  the  place  where  the  cut  is 
made,  the  (complete)  curve  will 
always  be  the  same  in  shape,  tbough 
Fig,  is».— TbeOonisa.  of  couTse  its  size  wiU  depend  upon 

a  variety  of  circumstances.     The 
statement  seems  at  first  a  little  surprising ;  but  it  is  true. 

d.  If  the  cutting  plane  makes  an  angle  with  the  axis  of  tiie  cone 
less  than  the  semi-angle  at  V,  bo  that  the  cutting  plane  gets  coDtinually 
deeper  and  deeper  into  the  cone,  then  the  curve  is  an  hyperbola;  bo 
called,  becanse  the  plane  in  this  case  "shoots  over"  {mrip  jSaXXuv) 
and  intersects  the  "  cone  produced,"  cutting  ont  of  this  second  cone 
a  curve  precisely  like  the  curve  cut  from  the  onglnal,  as  at  H'O'K'  in 
the  figure.  The  axis  of  the  hyperbola  lies  outside  of  the  curve  itself, 
being  the  line  HIT  in  the  figure,  and  the  **  centre"  of  the  curve  is 
also  outside  of  the  curve  at  the  middle  point  of  this  axis. 


Goo'^lc 
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4^.  Philosophically  speaking  there  are  therefore  but  two  species 
of  conic  sections,  —  the  ellipse  and  the  hyperbola,  with  the  parabola 
for  a  partition  between  them.  (The  circle,  as  has  been  said  before, 
is  merely  a  special  ease  of  the  ellipse.)    Fig.  140  will  give  the  reader 


Fra.  110.  —  TtM  R«lBt<on  of  the  Conies  (o  Enoli  Otlier. 


perhaps  a  better  idea  of  the  nature  of  the  curves  as  drawn  on  a  plane. 
In  the  ellipse  the  sum  of  the  distances  from  the  two  foci,  FN-\-  F'N, 
eq^uals  the  major  axis  of  the  curve ;  in  the  hyperbola  it  is  the  differ- 
ence of  these  two  lines  {^F"N'  —  FN')  that  equals  the  major  axis  ; 
in  the  ellipse  the  eccentricity  is  less  than  unitff  (zero  in  the  circle) ;  in 
the  hyperbola  it  is  greater  than  unity;  in  the  parabola  exactly  unity. 


The  general  equation  of  a 
both  the  species,  ia 


n  polar  coordinates,  applying  alike  to 


PC       FC 
in  which  r  is  the  distance  Fn,  or  Fn',  e  is  the  traction  — ,  or  ^-7^,  the  angle  F 

is  the  angle  PFn,  PFn',  or  PFn",  and  p  is  the  line  FY,  FT,  or  FV,  called 
the  "Bemi-parameter."  The  word  "porameter"  means  the  cross  measure 
of  a  cnrre,  just  as  "rfiameter"  means  the  throfigh  measure  of  a  curve.  If  e 
is  lero,  the  carve  is  a  circle,  and  r  =p.  If  e<;l,  the  curve  is  an  ellipse;  if 
(>1,  the  curve  is  an  hyperbola;  if  e  ^  1,  it  is  a  parabola. 

A  generalized  form  of  Kepler's  third  law,  applying  to  hyperbolic  and 
^U^bclic  orbits  (which  have  no  periods)  as  well  as  elliptical,  is  this ;  —  T/ie 
Areal  velocffieg  itf  hodies  revolving  around  Ihe  sun  are  proportional  to  the 
"part-rot^s  of  the  parunietera  of  their  orbiu. 
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424.  Problem  of  Two  Bodies. — This  problem,  proposed  and 
eoWed  by  Newton,  is  the  following:  — 

Given  the  inaaaea  of  two  spheres  and  their  positions  and  miHions  at 
amy  moment;  given,  aXao,  the  law  of  gravitation ;  required  their  mMion 
ever  afterwards,  and  the  data  necessary  to  compute  their  place  at  any 
future  time. 

The  mathematical  methods  b;  which  the  problem  is  solved  require 
the  use  of  the  calcnlus,  and  must  be  Bought  in  works  on  analytical 
mechanics  or  theoretical  astronomy.  Some  of  the  results,  however, 
are  simple  and  easily  stated. 

426.  (1)  In  the  first  place  the  motion,  of  the  centre^of  graTitl  of 
tt»e  two  bodies  will  not  be^  affeslfiiby  their  mutual  attraction,  but  it 
will  move  oh  .nniforinly  tlirough  space,  as  if  the  bodies  were  united 
into  one  at  that  point,  and  their  motions  combined  under  the  same 
laws  which  bold  good  in  the  case  of  the  collision  of  inelastic  bodies. 

Theraotioa  of  this  centre  of  gravis  is  moat  cMil^workgLfist  .graph  jeiJlj;^ 
aa  followa:  First,  in  Fig.  141,  join. the  originBl  places  of  the  bodies  A  uid 
£  by  a  straight  line,  and.  niark  on  it  Qj  the  place  of  the  centre  pf  gravi^; 
then  take  the  positions  A'  and  B'  they  would,  occupy  at  the  eji4  of  a  unit 
of  time  (if  they  did  not  attract  each  other),  and  n>ark  the  new  position  of 
the  centre  of  gravity  (?  on  the  line  Joining  them.    The  line  QQ'  c 


BodlM  rebtlra  W  limit  Cantn  of  Chwlly. 


tiie  twojfositions  of  the  centre  of  gravity  will  show  the  direction  and  r^idi^ 
of  fts  motion ;  with  reference  to  tliia  point  the  two  bodies  will  have  opptwite 
'motions  proportional  to  their  distances  from  it ;  that  is,  they  will  swing 
around  this  point  as  if  on  a  rod  pivoted  there,  and  will  either  both  move 
towards  it  along  the  rod,  or  from  it,  with  speeds  inversely  proportional 
to  their  masses.  These  relative  motions  toiih  respect  to  the  centre  of  ffrvi^^ 
are  easily  found  by  drawing  through  G  &  line  parallel  to  AiB',  and  meas- 
nring  off  on  it  distances  GA"  and  GB"  respectively  equal_bi^!4f_ani^£JBi 
A  A"  and  £B"will  then  be  the  two  motions  of  A  and£  relative  l9  Aeir  ^enln 
qfgraviij/^i 
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486.  Ths  EffMt  of  thdr  Hntiul  Attraotloii.— This  will  cause 
tbem  to  describe  aimilor  conies  around  this  ceatre  of  gravity ;  tbe 
Bite  of  tiieir  two  orbits  bdng  inversely  proportional  to  their  masses. 
The  form  of  the  orbits  and  dimensions  will  be  determined  by  the 
combined  mass  of  the  two  iKxlies,  and  by  their  velocities  with  respect 
to  tbe  common  centre  of  gravity^ 

427.  Tlte  Orbit  of  tiie  Bmaller  relatlTe  to  the  Cmtre  of  the  La]f:ei. 
— It  is  convenient  (though  it  is  not  necessary)  to  drop  the  consid- 
eration of  the  centre  of  gravity  of  the  two  bodies,  and  to  consider 
the  motion  of  the  smaller  one  around  the  centre  of  the  larger  one. 
In  reference  to  tliat  point,  it  will  move  precisely  as  if  its  mass  had 
been  added  to  that  of  the  larger  body,  while  itself  had  become  a  mere 
particle.  This  relative  orbit  will  in  all  respects  be  like  the  actual  one 
around  the  centre  of  gravity,  only  magnified  in  the  proportion  of 
if +  01  to  M;  i.e.,  If  m  is  ^  of  if,  tbe  actual  orbit  aronnd  Q  will 
be  magnified  by  ^  to  produce  the  reJatfve  orbit  around  M. 

^8.  The  OrUt  datermined  by  Piojeotton.  — Suppose  that  in  the 
flgnn  (fig.  142)  the  body  P  is  moving  in  the  direction  of  the  arrow, 


Fia.  143.  —EUlptlOftl  Orbit  iletennliieij  by  Projection. 

and  u  attracted  by  S,  Buppoaed  to  be  at  rest.  P  will  thenceforward 
move  in  a  codIo,  either  in  an  ellipse  or  hyperbola,  according  to 
its  velocity,  aa  we  ahaU  see  in  a  moment.  8  being  at  one  focus  of 
the  curve,  the  other  focus  will  be  somewhere  on  the  line  PN,  which 
makes  the  same  angle  with  PQ  that  r  {SP)  does  (since  it  is  a  prop- 
erty of  the  conies  that  a  tangent-line  at  any  point  of  the  curve  makes 
equal  angles  with  tbe  lines  drawn  from  the  two  f ooi  to  that  point) . 
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If  we  can  find  the  place  of  the  second  focus  F,  or  the  length  of  the 
line  PF  in  the  figure,  the  curve  can  at  once  be  drawn. 

Now,  it  can  be  proved,  though  the  demonstration  lies  beyond  oui 
scope,  that  a,  the  semi-major  axis  of  the  conic,  is  determined  by 
the  equation 

7*=/!  ('-  — iY  (Equation  1) 

in  which  r  is  the  distance  SF,  V  is  the  velocity,  and  ii  is  the  attracting 
mass  at  S  expressed  in  proper  units. 

(See  Watson's  "Theoretical  Astronom]',"  p.  49;  only  for|ihewTite6i^(l-|-in}). 

V,  r,  and  ft  being  given,  of  course  a  can  be  found :  we  get 

a  =  u. (Equation  2) 

Then  by  subtracting  r  from  2a  we  shall  get  r",  or  the  distance  PF, 
if  the  curve  is  an  ellipse.  If  it  is  a  hyperbola,  a  will  come  out  nega- 
tive i  and  to  find  r'  we  roust  take  r'^2a-\-r  and  measure  it  ofi  to 
F',  on  the  other  side  of  the  line  of  motion.  In  either  case,  however, 
we  easily  find  the  other  focus,  and  the  line  drawn  through  the  foci 
will  be  the  line  of  apsides;  a  point  half-way  between  the  foci  will  be 
the  centre  of  the  curve,  and  any  line  drawn  through  this  centre  will  be 
a  diameter.  Having  the  two  foci  and  the  major  axis  2  a,*.  e.,  AA', 
the  curve  can  at  once  be  drawn. 

4S9.  Expreasion  lor  a  in  Terms  of  th«  "  Vslooity  from  Infinity,"  or 
"Parabolio  Telocity."  — The  expression  for  a  admits  of  a  more  con- 
venient and  very  interesting  form.  It  is  shown  in  analytical  mechan- 
ics that  if,  under  the  law  of  gravitation,  a  particle  falls  towards  an 
attracting  body  whose  mass  is  fi.,  from  one  distance  a  to  another  dis- 
tance r,  its  velocity  is  given  by  the  simple  equation 

(Equation  3) 


=K^-i)- 


1  If  the  diSerence  between  «  and  r  is  called  A,  this  equation  becomes 

Now  if  A  Is  very  small  as  compared  with  r,  this  gives 

which  is  the  same  as  the  luroal  expression  for  the  velocity  of  a  falling  body  at  the 
earth's  surface,  vie.,  V  =  2gh,  2g  b«iug  replaced  by  the  fraction  -^ 
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If  in  this  equation  a  be  made  infinite,  w  does  not  also  become 
infinite  (that  is,  a  body  falling  from  an  infinite  distance  towards  the 
BUS  wiU  not  acquire  an  infinite  velocity  until  it  actually  reaches  the 
centte  of  the  son,  and  t  becomes  zero) ;  but  we  get  in  this  case 

r 
This  special  value  of  u>  is  usually  called  "the  velocity  from  infinity 
for  the  distance  r"  or  the  "parabolic  velocity"  (for  a  reason  which 
will  appear  very  soon).    U  is  generally  used  as  its  symbol ;  therefore 


u-=?t,  p=V'-^, 


and  n=irU*.  (Equation  4) 


The  parabolic  velocity  due  to  the  ntn't  altraeliott  at  any  point  it  therefore  in- 
versely proportional  to  the  iquare-root  of  the  distance  from  the  tun.  The  sau's 
mass  IB  such  that  at  the  distauce  unity  (the  mesa  distance  of  the  earth  from 
the  BUD)  it  is  equal  to  Zff.lH  miles  or  42.10  kilometres.  At  the  buu'b  sur- 
face it  is  888.04  miles  or  616.40  kilometres,  and  at  the  distance  of  Neptune 

it  is  Btill  4.77  miles.  Again,  since  ^  =  V  -^  U  variu  directly  a»  the  square- 
root  of  the  nuMt  of  the  attracting  centre  of  force.  If  the  sun's  mass  were 
ialoed,  the  parabolic  velocity  due  to  ita  attraction  would  everywhere  be 
reduced  in  the  ratio  of  Vi  to  li  <■«■.  M  0.7071  to  1.  If  the  mass  were 
doubled,  17'  =  would  be  increased  in  the  ratio  of  V3  to  I,  i.e.,  as  1.4142  to  1. 
The  square  of  the  parabolic  velocity  at  any  point  is  simply  twice  the  gravi- 
tation potential  due  to  the  gun's  attraction  at  that  point.  The  "potential"  may 
be  defined  as  the  energy  which  would  be  acquired  by  a  mass  of  one  unit, 
in  falling  to  the  point  in  question  from  a  place  where  the  potential  (and 
attraction)  is  zero,  ie.,  from  infinity.  Now  J  m  F*  ia  the  general  expression 
for  tbe  kinetic  enei^  of  a  masg,  m,  moving  with  velocity  V\  if  in  this  expres- 
sion we  make  m  =  1,  and  V=  U,  we  shall  have,  for  the  case  in  hand.  Energy 
=  t  V*t  which  therefore  equals  the  Potential  at  the  point. 

430.  Eelttion  betvMn  the  Velocity  and  the  Spvoiei  of  Oosio 
ieurihed.  In  equation  2  substitute  for  fi  its  value,  irU*  from 
equation  (4),  and  we  get 


•  =  1(0^)'  (Equations 


From  this  equation  it  is  clear  how  the  velocity  determines  whether 
the  orbit  will  be  an  ellipse  or  an  hyperbola.  If  F*  is  less  than  U', 
the  denominator  of  the  fraction  will  be  positive,  a  will  also  be  posi- 
tive, and  the  enrre  will  be  an  ellipse  ;  i.e.,  if  the  velocity  of  the  body 
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P,  at  the  distance  r  from  the  central  body  S,  be  less  than  the  velocity 
acquired  by  the  body  falling  from  infinity  to  that  point,  the  body 
will  move  around  S  permanently  in  an  ellipse. 

If,  on  the  other  hand,  V  is  greater  than  U*,  the  denominator  will 
become  negative,  a  will  also  come  out  negative,  and  the  orbit  will  be 
an  hyperbola.  In  this  case  P,  after  once  moving  past  S  at  the  peri- 
helion poiat,  will  go  off  never  to  return ;  and  it  will  recede  towards 
a  different  region  of  space  from  that  out  of  which  it  came,  because 
the  two  legs  of  the  hyperbola  never  become  parallel.  There  will  in 
this  case  be  no  permanent  connection  between  tbe  two  bodies.  They 
simply  pass  each  other,  and  then  part  company  forever. 

If  y*  exactly  equals  U\  the  denominator  of  the  fraction  becomes 
zero,  a  comes  out  infinite,  and  the  curve  is  a  parabola.  In  this  case, 
also,  tbe  body  will  never  return ;  but  it  will  recede  from  the  sun  idti- 
mately  towards  the  same  point  on  tbe  celestial  sphere  as  that  from 
which  it  appeared  to  come,  since  tbe  two  legs  of  the  parabola  tend  to 
parallelism.  Obviously,  if  a  body  were  thus  moving  in  a  parabola, 
the  slightest  increase  of  its  velocity  would  transform  the  orbit  into  an 
hyperiola,  and  the  least  diminution  into  an  ellipee;  the  bearing  of 
which  remark  will  become  evident  when  we  come  to  deal  with  comets. 


DUterent  Tslocltles  of  ProJeoUon. 
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431.     Again,  since 


^  =  T(      V'     \ 


all  bodies  having  the  same  velocity/  V,  at  the  same  distance  rfnym  the 
centre  of  force,  will  have  major  axes  of  the  same  length  for  their  orbits, 
no  TTtatter  what  may  be  the  direction  of  their  mot  ton. 

They  wiU  hare  the  same  ptriod  also,  the  expression  for  the  period  beiug 


_2^ 


(Watson,  p.  46,  Equation  28.) 

Bnt  observe  that  when  a  is  negative,  i.e.,  in  the  hyperbola,  the  value  of  I 
becomes  imaginary ;  there  is  no  periodicity  in  that  case. 

If,  therefore,  a  body  moving  around  the  aun  were  to  explode  at  any 
point,  all  of  its  particles  which  did  not  receive  a  velocity  greater  than 
the  "parabolic  velocity  "  would  come  around  to  the  same  point  again, 
and  those  which  were  projected  with  equal  velocities  would  come 
around  and  meet  at  the  same  moment,  however  widely  different  their 
paths  might  be. 

438.  Fig.  143  repreaenta  the  orbito  which  would  be  described  by  five 
bodies  projected  at  0  with  different  velocities  along  the  line  OV,  the  distance 
OS  or  r  being  taken  as  unity,  as  well  as  the  parabolic  velocity  f/*.  The 
squares  of  the  velocitJes  are  assumed  as  given  below,  with  the  resulting 
values  of  a  and  K. 

Fj*  =  J ;  whence  a,  =  | ;  and  r,'  =  ^ 


This  places  the  empty  focus  at  F,. 
For  the  next  larger  ellipse 

V  =  ii«.=  l!V=l- 

Inthesameway    F,«  =  J;  a,=  2;  r,'  =  3. 
V=l;«.  =  «;r/  =  «> 
F.*=2;a,=  -i;r,'=- 

.    (Parabola.) 

438.  Fig.  la  shows  how  three  bodies  projected  at  P  with  equal  velocitUt, 
bill  in  different  direction,  indicated  by  the  arrows,  describe  three  different 
ellipses ;  all,  however,  having  the  same  period,  and  the  same  length  of  aemi- 
major  axis ;  namely,  a  =  2  r;   T"  being  taken  equal  to  \U\ 

For  a  fourth  body,  F"  is  taken  aa  =  i  (/',  and  with  the  direction  of  motion 
perpendicular  to  r.  This  body  will  move  in  a  perfect  circle,  a  coming  out 
equal  to  r,  when  F'=  ^U^.  In  order  to  have  eircuiar  motion,  both  con- 
ditdons  must  be  fulfilled;  namely,  V'  must  equal  \U*,  and  the  direction  of 
motion  must  be  perpendicular  to  the  radius  vector. 
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FlO.  1«.  —  Elllpaes  of  the  Swne  Perlodla  XlmB. 

These  conditions  are  of  course  fulfilled  very  nearly  in  the  case 
of  the  planets,  since  they  move  nearly  in  circles.  Observe  also  that 
if  the  mass  of  the  Sun  were  somehow  to  be  suddenly  reduced  until 
the  corresponding  new  value  of  f '  were  less  than  F',  the  planets' 
orbits  would  at  once  become  parabolas,  ji 

434.  Telocity  ol  a  Planet  at  Any  Point  in  its  Orbit  —  If  -1-1 
(Fig.  145)  be  the  major  asb 
of  a  planet's  orbit,  and  KK' 
the  diameter  of  a  circle  de- 
scribed aroand  S  with  AA'  as 
radiUB,  then  the  velocity  of  a 
planet  at  any  point,  N,  on  its 
orbit  is  equal  to  that  which  it 
-  would  have  acquired  by  falling 
to  N  from  the  point  n  on  the 
circumference  of  the  circle. 
The  demonstration  is  not  dif- 
ficult and  may  be  found  in 
No.  1426  of  the  "Agtrouomi- 
sche  Nachrichten." 

F.o,.«.-xh»r.m<,fwi.eweii™dv.nderK„ik.       *3«-    Projeotiles  Dear  the 
Earth.  —  A  good  dlustration 
of  the  principles  stated  above  is  obtained  by  considering  the  motion  of 
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bodies  projected  horizontally  from  the  top  of  a  tower  near  the  earth's  surface, 
sapposing  the  air  to  be  removed  so  there  will  be  no  resiatance  to  the  motion. 

The  "parabolic  velocity"  due  to 
the  earth's  attraction  equals  6.94 
miles  per  secood  at  the  earth's  sur- 
face J  i.e.,  a  body  falling  from  the 
stars  to  the  surface  of  the  earth, 
dravm  by  the  earth's  attraction  only, 
would  have  acquired  this  velocity 
on  reaching  the  earth's  surface. 

First.  If  a  body  be  projected 
with  a  very  small  velocity,  it  would  ' 
fall  nearly  straight  downwards.  If 
the  earth  were  concentrated  at  the 
point  in  ite  centre  so  that  the  body 
should  not  strike  ite  surface,  it  would 
move  in  a  very  long  narrow  ellipse  Fio.lU.  — FroJectllFineuUieEarUi. 

having  the  centre  of  the  earth  at  the 

further  focus,  and  would  return  to  the  original  point  after  an  interval  of 
29.9  minutes. 

Second.  With  a  greater  velocity  the  orbit  would  be  a  wider  ellipse  with  a 
longer  period,  C  being  still  at  the  remoter  focus. 

Third.  V=  (/Vj,  or  about  4.9  miles  per  second.  In  this  case  the  orbit 
of  the  body  would  be  a  perfect  circle,  and  the  period  would  be  V'  24".7. 
It  will  be  remembered  that  we  found  that  if  the  earth's  rotation  were  17 
times  as  rapid,  thus  completing  a  revolution  in  V'^i'^.l,  the  centrifugal 
force  at  the  equator  would  tiecome  equal  to  gravity  (Art.  154).  Also,  Art. 
413  (4),  this  same  time,  li'24-°.7,  was  found  from  Kepler's  third  law  aa  the 
period  of  a  satellite  revolving  close  to  the  earth's  surface. 

Fourth.  V=  U  =  6.94  miles.  In  this  case  the  projectile  would  go  off  in 
a  parabola,  never  to  return. 

Fifth.  F>  6.94.  In  this  case,  also,  the  body  would  never  return,  but 
would  pass  off  in  an  hyperbola. 

At  the  surface  of  each  o£  the  other  planets,  the  "parabolic 
veloeity"  due  to  its  attraction  is  aa  follows:  Mercury,  2.2  miles  p«r 
second  (probably,  but  very  uncertain);  Venus,  6.6;  Mars,  ■*#; 
Jupiter,  37  ;  Saturn,  22  ;  Uranus,  13  ;  Neptune,  14.  *^' 

In  the  case  of  the  sun  and  moon,  as  already  stated  (Arts.  429, 
i72*),  the  parabolic  velocities  are  383  and  1.5  miles,  respectively. 

436.  Inteniity  of  Solar  Attraotion.  —  The  attraction  between 
the  sun  and  the  earth  from  some  points  of  view  looks  like  a  very 
feeble  action.  It  is  only  able,  as  has  been  before  stated  (Art.  278), 
to  bend  the  earth  out  of  a  rectilinear  course  to  the  extent  of  about 
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ODd-ninth  of  an  inoh  in  a  second,  while  she  is  travelling  nearly 
nineteen  miles ;  and  jet  if  it  were  attempted  to  replace  by  bonds 
of  steel  the  invisible  graritation  wbieh  holds  the  earth  to  the  son, 
we  should  find  the  surprising  result  that  it  would  be  necessary  to 
cover  the  whole  surface  of  the  earth  with  wires  as  large  aa  telegraph 
wires,  and  only  about  half  an  inch  apart  from  each  other,  in  order 
to  get  a  metallic  connection  that  could  stand  the  strain.  This  liga^ 
ment  of  wires  would  be  stretched  almost  to  the  breaking  point.  The 
attraction  of  the  sun  for  the  earth  expressed  as  tons  ot  force  (not 
tons  of  moM,  of  course)  is  3600000  millions  of  millions  of  tons 
(36  with  seventeen  ciphers) ;  and  similar  stresses  act  through  the 
apparently  empty  space  in  all  directions  between  sll  the  different 
pairs  of  bodies  in  the  universe. 


EXRBCISBS   ON   CeAPTBB   XII. 

<*  -/ 

1.  Given  a  comet  movmg  in  an  elUpae  with  the  eccentricity  0.5.     Com- 
pare tbe  velocities,  both  linear  and  angular,  at  the  perihelion  and  aphelion. 
^       (  Lin.   VeL  at  perihelion  is  three  timea  that  at  aphelion. 
"""tAng.  Vd.       in. 

^  2.   At  what  point  in  the  orbit  is  the  actual  linear  velocity  equal  to  the 
m«m  velocity?  ^^    At  the  extremity  of  the  minor  aiifl. 

'^3.  Is  the  angular  velocity  at  that  point  equal  to  the  mean  angular 
velocity ;  and  i£  not,  why  not? 

>l  4.  What  would  bo  the  periodic  time  of  a  small  body  revolving  in  a  circle 
around  the  sun  close  to  its  surface?    (Apply  Kepler'a  harmonic  law.) 

^ru.  S  h.  47.4  min. 

■^6.  What  would  be  its  velocity? 


-*6.  If  the  earth  had  a  satellite  with  a  period  of  eight  months  what  would 
ito  distance  be  ?  ^^    p^^  y^^  ^1^  ^j  ^^  ^^^ 

'^.  If  Jupiter  were  reduced  to  a  mere  particle  how  much  would  ito 
period  be  lengthened  1  (Consider  its  mass  to  be  y^^  of  the  sun's,  and  see 
Art.  417.) 
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hot  X  be  the  new  period ;  then 


=  t'  :  t'  =  1  : 1,  Binw  r  b  not  changed.    Whence, 
1049 


V1048  " 


'  (1  +  i  "  lA. +  <*«•)  =  ' (1  +  lAn) '"J  """ij- 


But  1  =  4332.6  days,  uid  i  - 1  =  ^Ml»  =  2.067  d.jB.    An,. 

J 

8.  How  much  longer  would  the  earth's  penod  be  if  it  were  a  mere 

>'"^'  ^»..  ,„„A,„  ot  .  J..r,  o,  47.8  ..c. 

9.  If  the  Bun's  mass  were  a  hnndred  times  greater  what  would  be  the 
parabolic  velocit;  at  the  earth's  distance  from  it?     (Art.  429.) 

Am.   Ten  times  its  present  value,  t.«.,  261.6  miles  a  sec. 

10.  If  the  sun's  mass  were  reduced  50  per  cent  what  wonld  be  the  para- 
bolic velocity  at  the  distance  of  the  earth? 

Ai».  18.6  miles  a  seo. 

^  11.  If  the  snn'a  mass  were  to  be  suddenly  reduced  by  50  per  cent  or 
mote,  what  would  be  the  effect  upon  the  now  practically  circular  orbitfl  of 
the  planets?     (See  Art  430.) 

Ant.    They  would  become  parabolas  or  hyperbolas,  and  the  planets 

would  dg^  the  sun. 

■  12.  What  would  be  the  effect  upon  the  orbit  of  the  earth  if  the  sun's 
mass  were  suddenly  doubled  ? 

Ant.   It  wonld  immediately  become  an  eccentric  ellipse,  with  its 
aphelion  near  the  point  where  the  earth  was  when  the  change  occurred. 

13.  Let  Vr  be  the  velocity  in  an  orbit  at  a  point  where  the  radius 
'  veotor  is  r,  and  let  17^  and  C/j,  be  the  pandnlic  velocities  at  distances  r 
and  ia  from  the  sun,  a  being  the  aeini-niajor  axis  of  the  orbit.  Show 
that  V\  =  l^*r  ±  Cia-  '^^^  pl"'  Bi?"  applies  if  the  orbit  is  an  hyperbola ; 
the  minua,  if  it  is  an  ellipee.     (See  Equations  1  and  4,  Arte.  428  and  429.) 
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CHAPTER  XIII. 

THE    PROBLEM     OP    THREE    BODIES.  —  DISTURBING     FORCES : 
LUNAR   PERTURBATIONS   AKD  THE  TIDES. 

437.  The  problem  of  two  bodies  ia  completely  solved ;  but  ii, 
iDstead  of  two  spherea  attracting  each  other,  we  hare  three  or  more, 
gives  completely  in  respect  to  their  positions,  masses,  and  velocities, 
the  general  problem  of  finding  their  subsequent  motions  and  predict- 
ing their  positions  at  any  future  date  transcends  the  present  power 
of  our  mathematics. 

This  problem  of  three  bodies  is  in  itself  just  as  determinate  and 
capable  of  solution  as  that  of  two.  Given  the  initial  data,  —  that 
is,  the  positions,  masses,  and  motions  of  the  three  bodies  at  a  given 
instant,  —  then  their  motions  for  all  the  future,  and  the  positions 
they  will  occupy  at  any  given  date,  are  absolutely  predetermined, 
provided  no  forces  act  upon  them  except  their  mutual  gravitational 
attractions.  The  difficulty  of  the  problem  lies  simply  in  the  inad- 
equacy of  our  present  mathematical  methods,  and  it  is  altogether 
probable  that  some  time  in  the  future  this  difficulty  will  be  overcome, 
though  at  present  there  is  no  immediate  prospect  of  success  ;  the 
problem  is  one  of  extreme  complexity. 

438.  But  while  the  general  problem  of  three  bodies  is  thus  intract- 
able, all  the  special  cases  of  it  which  arise  in  the  consideration  of 
the  moon's  motion  and  in  the  motions  of  the  planets  have  been 
solved  by  special  methods  of  approximation,  llewton  himself  led 
the  way ;  and  the  strongest  proof  of  the  truth  of  his  theory  of 
gravitation  lies  in  the  fact  that  it  not  only  accounts  for  the  regular 
elliptic  motions  of  the  heavenly  bodies,  but  also  for  the  apparent 
irregularities  of  these  motions. 

438.     The  Sisturbing  Force.  —  In  the  case  where  two  bodies  are 

revolving  around  their  common  centre  of  gravity,  and  the  third  body 
is  either  very  much  smaller  tlian  the  central  one,  or  very  remote,  the 
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motion  of  the  two  will  be  but  slightly  modified  by  the  action  of  the 
third;  and  in  Buch  a  case  the  email  differences  between  the  actual 
motion  and  the  motion  as  it  would  be  if  the  third  body  were  not 
present,  are  technically  called  ' '  disturbances  "  and  *'  perturbataons,"  * 
and  the  force  which  produces  them  is  called  the  "  disturbing  force." 
This  disturbing  force  is  not  the  attraction  of  the  disturbing  body,  but 
only  a  component  of  that  attraction,  and  usually  only  a  small  fraction 
of  it. 

The  disturbing  force  of  the  aitracting  body  depends  upon  the  differ- 
ence of  its  attraction  upon  the  tux>  bodies  it  disturbs;  difference  either 
in  amount  or  in  dire'rtion,  or  in  both.  For  instance,  if  the  sun 
attracted  the  earth  and  moon  exactly  alike  (i.e.,  equally  and  along 
parallel  lines),  it  would  not  disturb  their  relative  motions  in  the  least, 
no  matter  how  powerful  its  attraction  might  be.  The  sun's  maxi- 
mum disturbing  force  on  the  moon,  as  we  shall  see,  is  only  about  one 
eighty-ninth  of  the  earth's  attraction  ;  and  yet  the  sun's  attroiction  tot 
the  moon  is  actually  much  greater  than  that  of  the  earth. 

Since  the  bud's  mass  is  330,000  times  that  of  the  eartli,  and  its  distance 

just  about  389  times  that  of  the  moon  from  the  ewih,  its  attraction  on  the 

330  000 
moon  equals  the  earth's  attraction  X  —  '       =  2.18 ;  i.e,  the  tun's  aitractitm 

on  the  moon  it  more  than  dottle  that  of  the  earth. 

440.  Why  the  Sun  doM  not  take  the  Xoon  away  from  Ha  Earth. 
—  If  at  the  time  of  new  moon,  when  the  moon  is  between  the  earth 
and  suQ,  the  sun  attracts  the  moon  more  than  twice  as  much  as  the 
earth  does,  it  is  a  natural  question  why  the  sun  does  not  draw  the 
moon  away  entirely,  and  rob  ua  of  our  satellite.  It  would  do  so  if 
it  were  the  case  of  a'^tugof  war";  that  is,  if  earth  and  sun  were 
fixed  in  space,  pulling  opposite  ways  upon  the  moon  between  ttiem. 
But  it  is  not  so ;  neither  sun  nor  earth  has  any  foothold,  so  to  speak ; 
hut  all  three  bodies  are  free  to  move,  like  chips  floating  on  water,  and  the 
student's  difficulty  in  understanding  the  action  of  disturbing  forces 
usually  lies  in  his  failure  to  appreciate  the  eifect  of  this  freedom. 
The  SUQ  attracts  the  earth  almost  as  much  as  he  does  the  moon,  and 
both  earth  and  moon  fall  towards  him  freely ;  though  of  course  this 

'  The  Btndent  will  bear  in  mind  that  these  terms  (■* perturbations"  and  "dis- 
turbances") are  mere  figures  of  speech;  that  philosopbicall;  the  purely  eltip^cal 
motion  of  two  mntnttU;  attracting  bodies  alone  in  space  is  no  more  "regular" 
than  the  (at  present)  incomputable  motion  of  three  or  more  attracting  bodies. 


D.gitizect.yG00glc 


294 


THB  FBOBLEH   OF   THKBB  BODIES. 


falling  motion  towards  the  son  is  continnallj  oomblned  with  whatever 
other  motion  the  earth  or  moon  posBeeaes.  The  only  effective  dis- 
turbance is  prodnced  by  the  fact  that,  in  the  case  considered,  the  new 
moon,  being  nearer  the  sun  than  the  earth  ia  by  about  j^  part  of  the 
whole  distance,  falls  towards  the  sun  a  trifle  faster  tiian  tlie  earth, 
and  BO  on  that  account  the  curvature  of  its  orbit  toward  tlie  earth  is, 
for  the  time  being,  diminished. 

At  the  half-mooD  the  two  bodies  are  equally  attracted  towards  the 
sun,  but  on  converging  lines  ;  and  so  as  they  fall  towards  the  sun 
tbey  aifiproach  each  other  slightly ;  and  for  this  reason,  at  quadrature, 
the  moon's  orbit  is  a  little  more  curved  towards  the  earth  than  it 
would  be  otherwise. 

4U.  Diagram  of  the  Diitarbing  7oroa.  —  A  very  simple  diagram 
enables  us  to  find  graphically  the  dlsturbiDg  force  produced  by  a 
third  body. 

(What  follows  appUes  verbatim  «t  liuratim  to  utber  of  the  two  diagranu 
of  Rg.  147.) 


Let  E  be  the  earth,  M  the  moon,  and  S  the  disturbing  body  (the 
sun  in  this  case)  ;  and  let  the  sun's  attraction  on  the  moon  be  repre- 
sented by  the  line  MS.  On  the  same  scale  the  attraction  of  the  sun 
on  the  earth  will  be  represented  by  the  line  EO,  Q  being  a  point  so 
taken  that  EG:MS  =  MS* :  ES* ;  that  is,  — 

The  fun't  attraction  on  Ihe  earlh  is  to  lie  (un't  atlraetion  on  the  moon  sa  Ae 
iquare  of  At  sun**  diitanee  from  the  moon  is  to  the  equare  of  Ihe  «un'«  ditlanee 
from  the  earth,  according  to  the  law  of  gravitation.  (MS  has  to  do  double 
duty  in  this  proportion :  in  the  first  ratio  it  repreaents  a  force  ;  in  the  second, 


re.) 
From  tiiis  proportion  EO  =  MS  x 


JIfiS' 
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In  fignre  (a)  the  moon  b  nsitrer  to  the  mn  than  tha  earth  Is,  and  ao  EO 
oomee  out  let*  than  MS.  In  flg^ore  (b)  the  rererse  ia  the  case,  and  therefore 
!a  this  case  EG  is  larger  than  MS. 

Nov  if  the  force  represented  by  the  line  MS  were  paraSet  and  egttai 
to  that  Tf^nvaetUed  by  EO,  there  woald  be  no  diatorbance,  aa  baa  been 
«ud.  If,  then,  we  can  resolve  tlie  force  M8  into  two  oomponents, 
(Hie  of  which  ia  eqaat  and  parallel  to  EO,  thia  component  will  be  in- 
nocent and  harmleaa,  and  the  other  one  wilt  make  all -the  distnrbance. 

To  effect  this  reaolntioD,  draw  throngh  M  the  lice  ME  parallel 
and  equal  to  EO.  Join  KS,  and  draw  ML  parallel  and  equal  to  it. 
ML  ia  then  the  disturbing  force  on  tha  aavie  scale  aa  MS;  i.e.,  the  line 
Mil  showa  the  tone  direction  of  the  dUturbiug  force,  and  in  amount 
Ifae  distarbing  force  ia  equal  to  the  aun'a  attraction  for  the  moon  mvl- 

twitted  bg  the  fraction  ( ]•     The  dii^onal  of  the  parallelogram 

\MSJ 
MLSK  Is  MS,  which  repreaents  the  resultant  of  the  two  f  oroea  ifS 
and  ML,  that  form  its  sides. 

For  the  sake  of  clearness  the  lines  which  represent  foroea  in  the  Sgnres 
an  indicated  I7  herring-bone  markings. 

44S.  At  flrat  It  seema  a  little  strange  that  in  figure  (b)  the  dls> 
tnrbing  force  sboald  be  directed  away  from  th«  sun,*  but  a  litHe 
leflectton  juBtUes  the  reaolt.  ItB  and  if  were  connected  b;  a  rod, 
■ad  the  ^-end  of  Hie  rod  were  pulled  towards  the  right  more  swiftly 
Hum  the  JT-end,  It  is  easy  to  see  that  Uie  latter  wonld  be  relative^ 
ttmnm  to  the  left,  as  the  figure  ahowa. 

MS.  The  enn  ia  the  only  body  that  sensibly  disturbs  the  moon. 
The  planets,  of  course,  act  npon  the  moon  to  disturb  it,  but  their 
mass  is  so  small  compared  with  that  of  the  sun,  and  their  distances 
■0  great,  that  in  no  case  is  their  direct  action  sensible.  It  b  trae, 
howerer,  that  some  of  the  lunar  perturbations  are  affected  by  Hie 
extatenoe  of  one  or  two  of  the  planets.  While  they  cannot  disturb 
the  moon  directly,  they  do  so  indirectly:  they  dieturb  the  earth  In 
her  orbit  snfiQciently  to  make  the  son's  action  different  from  what  it 
would  be  if  the  planets  did  not  exist,  and  in  this  way  make  them- 
selves  felt.  There  are  also  a  few  small  disturbances  that  depend 
upon  the  fact  that  the  earth  is  not  a  perfect  sphere. 

444.  Since  the  distance  of  the  sun  ia  nearly  four  hundred  times 
that  of  the  moon  from  the  earth,  and  the  moon's  orbit  is  very 
nearly  circular,  the   construction  of   the   disturbii^    force  2tL, 
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Fig.  147,  admits  of  considerable  simplificalioo.  It  is  only  Decesaai; 
to  drop  the  perpendicular  MP  upon  the  line  that  joins  tlie  eai-th  and 
the  Buu,  and  talce  Ific  point  L  upon  this  line,  so  tiiat  EL  equals  three 
times  EP.  The  line  ML  bo  determined  will  then  very  approximatdg 
(but  not  exactly)  be  the  true  disturbing  force. 

To  proTe  this  relation,  let  jlfS.  in  Fig.  147,  be  D,  ES  =  R,  ME=r,KnA 
EP = p,  also  R  =  D-\-p,  very  nearly,  p  being  negatiet  when  MS >  ES.  EG 
was  taken  equal  to  MS  x  -=-:^  =  — 


Now,  EL=GS=iES-EG)  =  R-- 
OeTeloping  this  expreaaion,  we  have 


R'  iD+p)* 


D»+2Dp+p* 

Since  p  is  very  small  as  compared  witlt  D,  all  the  terms  except  tiie  flist 
nearly  vanish  both  in  numerator  and  denominator,  and  we  have 


EL: 


31}*p 


■  3p  (very  nearly). 


445.  Besoltition  of  the  DUtnrbiiig  Force  into  Componenti. —  la 
discussing  the  effect  or  the  disturbing  force  it  ia  more  convenient  to 
reaolve  it  into  three  components  known  as  the  radial,  the  tangential, 
and  the  orthogonal.     The  firat  of  these  ocfs  in  the  direction  of  the 


ria.  us.  — RailUI  mid  Ti 


radius  vector,  tending  to  draw  the  moon  either  towards  or  from  the 
earth.  The  second,  the  tangential,  (grates  to  accelerate  or  retard 
the  moon's  orbUal  velocity. 


Fig.  148  eshibits  these  two  components  a 


mt  points  of  the  moon's 
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The  orthogoD&l  component  has  no  existence  in  cases  where  the 
distDrblng  body  lies  in  the  plane  of  the  disturbed  orbit ;  but  when* 
ever  it  lies  outside  of  tliat  plane,  the  disturbing  force  ML  will  gen- 
enlly  also  lie  onteide  of  the  orbit-plane,  and  will  have  a  component 
tending  to  draw  Ihe  moving  body  out  of  the  plane  of  itx  orbit.  The 
moUoD  of  the  moon's  node  and  the  changes  of  the  inclination  of  its 
orbit  are  due  to  this  component  of  the  sun's  disturbing  force,  whioh 
could  uot  be  conveniently  represented  in  the  figure. 

446.  The  radial  force  In  the  case  of  the  moon's  orbit  is  a  maxi- 
mum at  sTzygiea  and  quadratures ;  in  fact,  at  quadratures  the  whole 
disturbing  force  is  radial,  the  tangential  and  orthogonal  components 
both  vanishing.  At  syzygiea  (new  moon  and  full  moon)  the  radial 
force  is  negative;  that  is,  it  draws  the  moon  from  the  earth,  dimin- 
ishing the  earth's  attraction  by  about  one  eighty-ninth  *  of  its  whole 
amount. 

At  quadrature  or  half-moon  the  radial  force  is  positive;  and  since 
L  then  falls  at  E,  it  b  represented  by  the  line  QE,  and  is  just  half 
what  it  is  at  syzygiea ;  that  is,  it  equals  about  one  one  hundred  and 
teventy-eighth  of  the  earth's  attraction. 

It  becomes  zero  at  four  points  54°  44'  on  each  side  of  the  line  of 
ayzygies. 

This  angle  is  found  from  the  condition  that  the  disturbing  force  M,L,, 
etc.,  iu  Fig.  148,  must  be  perpendicular  to  the  radius  EM,  at  this  point, 
which   gives   us   EP,:  P,M,:  :  P^M,:P^L,.      But   P,L,  =  2£Pi;    therefore 


P,M^': 


447.  The  tangetUial  component  starts  at  zero  at  the  time  of  full 
moon,  rises  to  a  maximum  at  the  critical  angle  of  45°  (having  at 
that  point  a  value  of  y^  of  the  earth's  attraction),  and  disappears 
i^in  at  quadratures.  During  the  first  and  third  quadrants  this 
force  is  negative;  that  is,  it  retards  the  moon's  motion  ;  in  the  second 
and  fourth  it  is  positive  and  accelerates  the  motion. 

»At  syijgie*  ML.  =  NLt  =  Zy.BN  (Fig.  147);  but  EN=^.  Therefore 
UL  =  —  of  the  tan't  Bttraction  on  the  moon.    Now  the  lan'i  attraction  i«  2.18 

"  2X218        1 

timea  thcearth't;  hence iVZ^g^  iiie earlh't  attraction  multiplied  hj     ":     —  =  onq' 
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448.  Lunar  Fertnrb^ttbiu.  — So  far  it  has  been  all  pliun  aailii^, 
for  nothing  beyond  elementary  matheinatic-e  is  required  in  determin- 
ing the  disturbing  force  at  any  point  in  the  moon's  orbit ;  bvt  to 
determine  what  will  be  the  effect  of  Ihie  continually  varying  force  c^fler 
the  lapse  of  a  given  time,  upon  the  moon's  place  in  the  iky  is  a  problem 
of  a  very  different  order,  and  far  beyond  our  scope.  Tlie  reader  who 
wishes  to  follow  up  this  subject  must  take  up  the  more  extended 
works  upon  tbeoretjcal  astronomy  and  the  lunar  theory.  A  few 
points,  however,  may  be  noted  here. 

448.  In  the  first  place,  It  is  found  most  convenient  to  consider 
the  moon  as  never  deviating  from  nn  elliptical  orbit,  but  to  consider 
<Ae  OT^  itaelf  as  continually  changing  in  place  and  form,  writhing  and 
squirming,  so  to  speak,  under  the  dlstairbing  forces ;  just  as  if  the 
orbit  were  a  material  boop  with  the  moon  strung  upon  it  like  a  bead 
and  unable  to  get  away  from  it,  although  she  can  be  set  forward  and 
backward  in  her  motion  opon  it. 

400.  In  the  next  place,  it  is  found  possible  to  represent  nearly  aJl 
the  p«rtnrbation8  by  periodical  formvios — tiie  same  values  recurring 
over  and  over  again  indefinitely  at  regular  intervals.  This  is  becanse 
the  SOD,  moon,  and  earth  keep  coming  back  into  the  same,  or  nearly 
the  same,  relative  positions,  and  this  leads  to  recurring  values  of  the 
disturbing  force  itself,  and  also  of  its  effects. 

451.  Third,  the  number  of  these  perturbations,  each  character- 
ized by  its  own  special  period,  is  very  large.  In  the  computation  of 
the  moon's  longUtiAe  in  the  American  Ephemeris  about  seventy  dif- 
ferent inequalities  are  reckoned  in,  and  about  half  as  many  in  the 
'computation  for  the  latitude.    Theoretically  the  number  is  infinite, 

bat  only  a  certain  number  produce  effects  sensible  to  observation. 
It  Is  of  no  use  to  compute  dieturbaaces  that  do  not  displace  the  moon 
as  mnch  as  one-tenth  of  a  second  of  arc ;  i.e.,  about  fiOO  feet  in  her 
orbit. 

452.  Fourth,  in  spite  of  all  that  has  been  done,  the  Innar  theory 
is  still  Incomplete,  or  in  some  way  slightly  erroDeous.  The  best 
tables  yet  made  begin  to  give  inaccurate  results  after  fifteen  or 
twenty  years,  and  require  correction.  The  almanac  place  of  flw 
moon  at  present  is  not  nnfreqaendy  '*  out "  as  mnch  as  8"  or  4"  of 
arc ;  i.e.,  about  tbree  or  four  miles.     Astronomers  are  contdnoaDy  at 
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Tork  on  the  subject,  but  the  oompatations  by  our  present  metfaods 
ue  ezoeedingly  tedious  and  liable  to  nomenoal  error. 

453.  The  principal  effects  o£  the  snn'a  disturbing  action  on  the 
moon  are  the  following :  — 

First :  Effect  on  Length  of  Month.  —  Since  the  radial  compouent 
of  the  disturbing  force  is  negative  more  than  half  the  way  round  (54° 
44'  on  each  side  of  the  line  of  syzygies)  and  is  twice  as  great  at 
syzygies  as  the  positive  component  is  at  quadrature,  the  net  result 
is  that,  taking  the  whole  month  through,  the  earth's  attraction  for 
the  moon  ts  lessened  by  nearly  j^^  part.  The  effect  is  substantially 
the  same  that  would  follow  from  a  corresponding  diminution  of  the 
earth's  mass,  and  the  moon's  period  is  therefore  made  about  ^^  part, 
or  nearly  an  hour,  longer  than  it  otherwise  would  be  at  its  present 

2xaft 
diatance,  since  t  =  — =*■     (Art  431.) 

y/fi. 

4M.  Second :  The  Revolvivm  of  the  Line  of  Apsides.  —  This  is 
due  mainly  to  the  radial  component  of  the  disturbing  force,  though 
the  tangential  component  assistB.  When  the  moon  comes  to  perigee 
or  apogee  at  the  time  of  new  or  full  moon  (i.e.,  during  those  months 
when  the  sun  is  at  or  near  the  line  of  apsides  ^ 
of  the  lunar  orbit),  the  diminution  of  the  ■//'/ 
earth's  effective  attraction  for  the  moon  causes 
it  to  move  on  farther  than  it  would  otherwise 
do  before  turning  the  comer,  so  to  speak,  the 
consequence  being  that  the  line  of  apsides  ad- 
vances in  the  Hue  of  the  moon's  motion.  When 
perigee  or  apogee  is  passed  at  the  time  of 
qwidratwre,  the  line  of  apsides  is  also  disturbed 
and  made  to  regress.  But  at  quadrature  the  (he  Moon's  orbit 
radial  component  is  only  half  as  great  as  at 
syzygies,  and  the  net  result,  as  has  been  stated  before  (Art.  238),  is 
that  the  line  of  apsides  completes  a  direct  revolution  once  in  about 
nine  years  (8.856  years — Neison).  It  does  not  move  forward  steadily 
and  uniformly,  but  its  motion  is  made  up  of  alternate  advance  and 
regression.     Fig.  149  illustrates  this  motion  of  the  moon's  apsides. 

For  a  fuller  discusaiou  of  the  subject,  see  HeTschel's  "  Ontlinea  of  AstroO' 
omy,"  Sectiona  677-889  ;  or  Airj's  "  GraviUtion,"  pp.  89-100. 

486.  Third:  The  Regression  of  the  Nodes.  —  The  orthogonal  cotn- 
ponmt  generally  (not  always)  tends  to  draw  the  moon  towards  the  plane 
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of  the  ediptic.  Whenever  this  ie  the  caae  at  the  time  when  the  moon 
ie  pasBiDg  B.  node,  the  effect  (as  is  easily  seen  from  Fig.  150)  of  such 
a  force  PiO„  acting  upon  the  moon  at  Pi,  ia  to  shift  the  node  back- 
ward from  ^1  to  2ft,  the  moon  talking  the  new  path  Pfiilf,.  As  the 
moon  is  approaching  the  node,  the  inclination  of  its  orbit  Is  also  in- 
creased ;  but  as  the  moon  leaves  the  node,  it  is  again  diminished,  the 
path  IfiPt  being  bent  at  P,  back  to  P^^,  parallel  to  PiOi :  ao  tfaat 
while  by  both  operations  the  node  is  made  to  recede  from  N|  to  Nf, 
the  inclination  suffers  very  little  change,  if  the  ortb^tHial  component 
remains  the  same  on  both  sides  of  the  node. 

Since  the  orthogoniil  component  vanishes  twice  a  year,  — when  the 
snn  is  at  the  nodes  of  the  moon's  orbit,  —  and  also  twice  a  month, 
— when  she  is  in  quadrature, — the  rate  at  which  the  nodes  regress 


the  Uooo-i  Orbit. 


is  extremely  variable.  Id  the  long  run  it  makes  its  backward  revo- 
Intion  once  in  about  nineteen  years  (Arts.  249  and  391).  [18.6997 
years.  —  Neison.'] 

See  Herschel's  "  Outlines  of  Astronomy,"  section  638  seqq. 

466.  FcmrA:  The  Eveciion. — This  Is  an  irregularity  which  at  the 
maximum  puts  the  moon  forward  or  backward  about  ll''(l°lfi'27",01 — 
Ifet'son),  and  has  for  its  period  the  time  which  is  occupied  by  the 
sun  in  passing  from  the  line  of  apsides  of  the  moon's  orbit  to  the 
same  line  again ;  i.e.,  about  a  year  and  an  eighth.  This  is  tlie  largest 
of  the  moon's  perturbations,  and  was  earliest  discovered,  having  been 
detected  by  Hipparchus  about  150  years  B.C.,  and  afterwards  more 
fully  worked  out  by  Ptolemy,  though  of  course  without  any  under- 
standing of  its  cause.  It  was  the  only  lunar  perturbation  known  to 
the  anciente.  It  depends  upon  the  alternate  increase  and  decrease  of 
the  eccentrunty  of  the  moon's  orbit,  which  is  always  a  maximum  when 
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the  Ban  ib  passing  the  moon's  line  of  apsides,  and  a  minimum  when 
the  sun  is  at  right  noglea  to  it. 

This  inequality  may  affect  the  time  of  an  eclipse  by  Dearly  six 
hours,  making  it  anjwbere  from  three  hours  early  to  three  hours  late, 
as  compared  with  the  lime  nt  which  it  would  otherwise  occur;  it  was 
this  circumstance  which  called  the  attention  of  Hipparchus  to  it. 

See  Herschel's  "OnttineB  of  AatroDomy,"  sections  748  seqq. 

457.  Fifth  :  The  Variation.  —  This  is  an  inequality  dne  mainly  to 
the  tangential  component  of  the  disturbing  force.  It  has  a  period  of 
one  month,  and  a  maximum  amount  of  29'  30". 70,  attfuned  when 
the  moon  lb  half-way  between  the  syzygies  aud  quadratures,  at  the 
so-called  "  octants."  At  the  first  and  third  octants  the  moon  is  39^' 
ahead  nfher  mean  place  (about  an  hour  and  twenty  minutes)  ;  at  the 
second  and  fourth  she  is  as  much  behind.  This  inequality  was  de- 
tected by  Tycho  Brahe,  though  there  is  some  reason  for  believing 
that  it  had  been  previously  discovered  by  the  Arabian  astronomer, 
Aboul  Wefa,  five  centuries  earlier.  This  inequality  does  not  affect 
the  lime  of  an  edipae,  being  zero  both  at  the  s.yzygics  and  quadra- 
tares,  and  therefore  was  not  detected  by  the  Greek  astronomers. 

See  Herachet's  "  Outlines  of  Astronomy,"  sectiouB  705  seqq. 

458.  Sixth:  The  Annual  Equation.  —  The  one  remaining  ine- 
quality which  affects  the  moon's  place  by  an  amount  visible  to  the 
naked  e^vc,  is  the  so-called  "annual  equation."  When  the  earth  is 
nearer  the  sun  than  its  mean  distance,  tlie  sun's  disturbing  force  is, 
of  course,  greater  than  the  mean,  and  the  month  is  lengthened  a 
little;  during  that  half  of  the  year,  therefore,  the  moon  keeps  falling 
behindhand ;  and  vice  versa  during  the  half  when  the  sun's  distance 
exceeds  the  mean.  The  maximum  amount  of  this"  inequality  is 
11'  9". 00,  and  its  period  one  anomalistic  year. 

See  Herachers  "Outlines  of  Astronomy,"  sections  738  seqq. 

There  remains  one  lunar  irregularity  among  the  multitude  of  lesser 
ones,  which  is  of  great  interest  theoretically,  and  is  still  a  bone  of 
contention  among  mathematical  astronomers ;  namely,  — 

459.  Seventh:  The  Secular  Acceleration  of  the  Moon's  Mean  Mo^ 
lion.  — It  was  found  by  Halley.  early  in  the  last  century,  by  a  com- 
parison  of    ancient  with    modem   eclipses,   that  the  month  is  now 
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cert^nl;  shorter  tfaan  It  was  In  the  d&ys  of  Ptolemy,  and  that  the 
sborteniog  has  been  progressive,  apparently  going  on  continuonsly, 
—  in  smada  saxndomm,  —  whence  the  name.  In  100  years  the 
moon,  according  to  the  results  of  Laplace,  gets  in  advance  of  its 
mean  place  alx>iit  10",  and  the  advance  increases  wUh  the  square  of 
the  time,  so  that  in  a  thousand  years  it  would  gain  nearly  1000", 
and  io  2000  years  4000",  or  more  than  a  degree.  The  moon  at 
present  is  supposed  to  be  just  about  a  degree  in  advance  of  the  posi- 
tion it  would  have  held  if  it  had  kept  on  since  the  Chriatian  era 
with  precisely  the  rate  of  motion  it  then  bad.  If  this  accelerataoa 
were  to  continue  indefinitely,  tlie  ultimate  result  would  be  that  the 
moon  would  fall  upon  the  earth,  as  the  quickened  motion  correaponds 
to  a  shortened  distance. 

460.  It  was  nearly  100  years  after  Halley'a  discovery  before 
Laplace  found  its  explanation  in  the  decreasing  eccentricity  of  ihe 
earth's  orbit.  Under  the  action  of  the  other  planets  this  orbit  is  dow 
growing  more  nearly  circular,  without,  however,  changing  the  length 
of  its  major  axis.  Thus  its  area  hecortiea  larger,  and  the  earth's  average 
distance  from  the  sun  becomes  greater  (although  the  mean  distance, 
technically  so-called,  does  not  change,  the  "mean  distance"  being 
simply  half  the  major  axis) .  As  a  result  of  this  rounding  up  of  the 
earth's  orbit,  the  auero^e  disturbing  force  of  the  sun  is  therefore  dimin' 
ished,  and  this  diminution  allows  the  month  to  come  nearer  the  length 
it  would  have  if  there  were  no  sun  to  disturb  the  motion ;  that  is  to 
say,  the  month  keeps  shortening  little  by  little,  and  it  will  contioue 
to  do  so  until  the  eccentricity  of  tbe  earth's  orbit  begius  to  increase 
again,  some  25,000  yeara  hence. 

461.  But  the  theoretical  amount  of  this  acceleration,  about  S"  in  a 
century,  does  not  i^ree  with  the  value  obtained  by  comparing  the  most 
ancient  and  modem  eclipses,  which  is  about  12";  and  this  value,  again,  does 
not  agree  with  the  one  derived  by  comparing  modem  observations  of  the 
moon  with  those  made  by  the  Arabians  about  a  thousand  years  ago,  which, 
according  to  recent  investigations  by  Professor  Newcomb,  indicate  an 
acceleration  of  only  about  8". 

So  long  as  the  actual  acceleration  was  considered  to  be  12",  it  was  gener* 
ally  supposed  that  the  dUcrepancy  between  the  theoretical  and  observed 
result  is  due  to  a  retardation  of  the  earth's  rotation  by  the  friction  of  the 
tides,  and  a  consequent  lengthening  of  the  day.  Evidently  if  the  day  and 
the  seconds  become  a  little  longer,  there  will  be  fewer  of  them  tn  each 
month  or  year,  and  the  apparent  effect  of  such  a  change  would  be  to  shorten 
all  really  constant  astronomical  periods  by  one  and  the  same  percentage. 
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As  matters  stand  tcniay  it  is  hardly  possible  to  assert  with  confidence 
that  there  is  any  real  discrepancy  to  be  acconnted  for  between  the  theoret- 
ical and  observed  values,  the  latter  being  considerably  uncertain.  In  New- 
comb'a  "  Popular  Astronomy  "  (pp.  08-102)  there  will  be  found  an  interesting 
and  triwtworthy  discussion  of  the  subject 

Questions  like  this,  and  those  relating  to  the  remaining  discrepancies 
between  the  lunar  tables  and  the  observed  places  of  our  satellite,  lie  on  the 
very  frontiers  of  mathematical  astronomy,  and  can  bo  dealt  with  only  by 
the  ablest  and  most  skilful  analysts. 

THE  TIDEa 

462.  Just  as  the  disturbing  force  due  to  the  sun's  attraction 
affects  the  motions  of  the  moon  in  her  oibit,  so  the  disturbing 
forces  due  to  the  attractions  of  the  moon  and  sun  acting  upon  the 
fluids  of  the  earth's  surface  produce  the  tides.  These  consist  of  the 
regular  rise  and  fall  of  the  water  of  the  ocean  usually  twice  a  day, 
the  average  interval  between  the  corresponding  higli  waters  of  suc- 
cessive days  being  24''  SI",  which  is  precisely  the  same  as  the 
average  interval  between  two  successive  passages  of  the  moon  across 
the  meridian.  This  coincidence,  maintained  indefinitely,  of  itself 
makes  it  certain  that  there  must  be  some  causal  connection  between 
the  moon  and  the  tides. 

463.  Sefinitioiu. — When  the  water  is  rising,  it  is  "jlood"tide; 

when  falling,  it  is  "  ebb."  It  is  "  high  water  "  at  the  moment  when 
the  tide  is  highest,  and  "  ibw  toaier"  when  it  is  lowest.  "Spring 
tides"  are  the  highest  tides  of  the  month  (which  occur  near  the 
times  of  new  and  Aill  moon),  while  "neap  (Mm "  are  the  smallest, 
which  occur  when  the  moon  is  in  quadrature.  The  relative  heights  of 
the  spring  and  neap  tides  are-  about  as  7  to  4.  At  the  time 
of  spring  tides  the  interval  between  the  corresponding  tides  of  buc- 
cessiye  days  is  less  than  the  average,  being  only  about  24''  88'", 
and  then  the  tides  are  said  to  '^prime."  At  neap  tides  tiie  interval 
is  25"  Q'",  which  is  gi'eater  than  the  mean,  and  the  tides  "  lag." 

■The  ^^establishment"  of  a  port  is  the  mean  interval  between  the 
time  of  high  water  at  that  port  and  the  next  preceding  passage  <>( 
the  moon  across  the  meridian.  At  New  York,  for  instance,  tliis 
"  establishment "  is  S""  13"°,  although  the  actual  interval  varies  about 
22  minutes  on  each  side  of  the  mean  at  different  times  of  the  month. 

That  the  moon  is  largely  responsible  for  the  tides  is  also  shown  by 
the  fact  that  the  tides,  at  the  time  when  the  moon  is  in  perigee,  are 
nearly  twenty  per  cent  higher  than  those  which  occur  when  she  is  in 
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apc^;ee.  The  highest  tides  of  all  happen  when  a,  new  or  full  moor^ 
occurs  at  the  time  the  moon  is  in  perigee,  egpecially  if  this  occurs 
abovt  January  1st,  when  the  earth  is  nearest  to  the  sun.  Since,  as 
we  shall  see,  the  "  tide-raising  "  force  varies  inversely  as  the  cube  of 
the  distance,  slight  variations  in  the  distance  of  the  moon  and  sun 
from  the  earth  make  mnoh  greater  variations  in  the  height  of  the  tide 
—  greater  nearly  in  the  ratio  of  3  to  1. 

464.  The  Tid«-Baiunp  Force.— This  is  the  difference  hetween  the 
attractions  of  the  sun  and  moon  (mainly  the  latter)  on  the  main 
body  of  the  earth,  and  the  attractions  of  the  same  bodies  on  parti- 
cles at  different  parts  of  the  earth's  surface.  The  tide-raising  force 
is  but  a  very  small  part  of  the  whole  attraction. 

The  amount  of  this  disturbing  force  for  a  particle  at  any  point 
on  the  earth's  surface  can  be  found  approximately  by  the  same  geo- 
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metrical  construction  which  was  used  for  the  lunar  theory  (Art 
441).  Draw  a  line  from  the  moon  through  the  centre  of  the  earth. 
At  the  points  A  and  B,  Fig.  151,  where  the  moon  is  directly  over 
head  or  under  foot,  the  tide-raising  force  is  directly  opposed  to  grav- 
ity,and  equals  nearly  3"^  of  the  moon's  whole  attraction,  since  the  line 
Aa  represents  the  disturbing  force  on  the  same  scale  as  the  line  from 
A  to  the  moon  represents  the  moon's  attraction,  and  this  line,  AM, 
is  about  sixty  times  the  earth's  radius,  while  Aa  is  just  doable  it, 
because  Ca  has  to  be  taken  equal  to  3  x  CA  (Art.  444). 

Since  the  moon's  mass  is  only  about  ^  of  the  earth's,  and  its  dis- 
tance is  sixty  radii  of  the  earth,  this  lifting  force  under  the  moon, 
expressed  as  a  fraction  of  the  earth's  gravity,  equals 

I.e.,  a  body  weighing  four  thousand  tons  loses  about  one  pound  of  its 
weight  when  the  moon  is  over  head  or  under  foot. 

At  D  and  E,  anywhere  on  the  circle  of  the  earth's  surface  which 
is  90°  from  A  and  B,  the  moon's  disturbing  force  increases  the 
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weight  of  abody  by  juat  half  this  amount,  the  disturbing  force  being 
measured  by  the  lines  DC  and  EC.  At  a  point  F,  situated  anywhere 
on  a  circle  drawn  around  either  A  ox  B  with  a  radius  of  54°  44',  the 
weight  of  a  body  is  neither  increased  nor  decreased,  but  it  is  urged 
towards  A  or  B  with  a  horizontal  force  expressed  by  the  tine  Ff, 
which  force  is  equal  to  about  igu^osoo  <>f  its  weight. 

The  tidal  forces  at  G  and  H  are  expressed  by  the  lines  Gg  and  Hk, 
each  resolvable  into  vertical  and  horizontal  components. 

465.  The  same  result  for  the  tifting-force  directly  under  the  moon  may 
be  obtained  more  exactly  as  follows.  Tbe  distance  from  the  moon  to  the 
centre  of  the  earth  is  sixty  times  the  earth's  radius,  and  therefore  the 
distance  from  the  moon  to  the  points  A  and  B  respectively  will  be  59  and 
SI.  The  moon'a  attraction  at  A,  C,  and  B,  expressed  as  fractions  of  the 
earth's  gravity,  will  be  as  follows:  — 

Attraction  of  moon  on  particle  sAA  =  gx^  =  O.O000O358IO  X  g. 

Attraction  of  moon  on  particle  at  C  =  j  x  ^  =  0.0000034723  x  g. 

Attraction  of  moon  on  particle  fAB  =  gy.-^  =  O.0OOOO33593  x  g. 

Hence,  A  -  C  =  0.0000001187  ff  = -—-^--0. 

'  "      8424000" 

c-B=o.ooooooiiao,  =  5j5L55,. 

This  is  more  correct  than  the  preceding,  which  is  based  on  an  approxima- 
tion that  considers  the  moon's  distance  as  very  large  compared  with  the 
earth's  radius,  while  it  is  really  only  aisty  times  as  great,  and  siity  is  hardly 
a  "very  large"  number  in  such  a  case. 

Attempts  have  been  made  to  obterve  directly  the  variations  in  the  force  of 
gravity  produced  by  the  moon's  action,  but  they  are  too  small  to  be  detected 
with  cert^nty  by  any  experimental  method  yet  contrived.  Both  Darwin 
and  ZoUner  found  that  other  causes  which  they  could  not  get  rid  of  produced 
disturbances  more  than  sufficient  to  mask  the  whole  action  of  the  moon.  ^ 

466.  It  is  worth  while  to  note  in  this  connection  that  the  maximum 
lifting-force  due  to  the  attraction  of  a  distant  body  varies  inversely  as  the 
cuAe  of  its  distance,  as  is  easily  shown,  thus :  —  calling  D  the  distance  of  the 
disturbing  body  from  the  earth's  centre,  and  r  the  earth's  radius,  we  have 

Attraction  at  il  =       _       ;       attraction  at  C  =  -^ 

=  «{5?^'S^T5?}=  "{5}  •"•""• 

when  r  is  a  small  fraction  of  D. 
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467.  It  is  very  apt  to  pazzle  the  stQdent  tfiat  th«  moon's  action 
should  be  &  lifting  force  at  B  as  well  as  at  ^  (^^-  lol).  He  is 
likely  to  thiok  of  the  eaitli  as  fixed,  and  llie  moon  also  fixed  and 
attracting  the  water  upon  the  earth,  in  which  case,  of  course,  the 
mooo's  attrsctiOD,  whUe  it  would  decrease  gravity  at  A,  would  increase 
itat£. 

2)  The   two   bodies    are    not    fixed, 

however.  Let  him  think  of  the  three 
particles  at  A,  0,  and  B,  Fig.  152, 
.  as  unconnected  with  each  other,  and 
falling  freely  towards  the  moon ; 
then  it  is  obvions  tliat  they  wonld 
_  separate ;  A  would  fall  faster  than 

no.  us.-Tiu  Btatiai  TbM>t7  of  iiM  TidM.  C)  Mid  C  than  B.  Now  imagine 
them  connected  by  an  elastic  coid. 
It  is  obvioQB  that  they  will  still  draw  apart  until  the  tension  of  the 
cord  prevents  any  further  separation.  Its  tension  will  then  measure 
the  "  liflJQg  force"  of  the  moon  which  tends  to  draw  both  the  par- 
ticles A  and  B  away  from  0. 

468.  The  Bon's  Action.  —  This  is  precisely  like  that  of  the  moon, 
except  that  the  sun's  distance,  instead  of  being  only  sixty  times  the 
earth's  radius,  is  nearly  33,500  times  that  quantity.  Since  the  tide- 
raising  power  varies  as  the  cube  of  the  distance  inversely,  while  the 
attracting  force  varies  only  with  the  inverse  square,  it  turns  out  that 
although  the  sun's  attraction  od  the  earth  is  nearly  200  times  as 
great  as  that  of  the  moon,  its  tide-raising  power  it  only  abovt  two- 
fiftha  aa  muck.  When  the  sun  is  over  head  or  under  foot,  his  dis- 
turbing force  diminishes  gravity  by  about  ngiaBno- 

469.  Statical  Theory  of  the  Tides. — If  the  earth  were  wholly 
composed  of  water,  and  if  it  kept  always  the  same  face  towards  the 
moon  (as  the  moon  does  towards  the  earth) ,  so  that  every  particle  on 
the  earth's  surface  was  always  subjected  to  the  same  disturbing  force 
from  the  moon,  then,  leaving  out  of  account  the  sun's  action,  a  per- 
manent tide  would  be  raised  upon  the  earth,  distorting  it  into  a 
lemon-shaped  form  with  the  point  towards  the  moon.  It  would  be 
permanently  high  water  at  the  points  A  and  B  (Fig.  152)  directiy 
under  the  moon,  and  low  water  all  around  the  earth  on  the  circle  90° 
IVora  these  points,  as  at  D  and  E.  The  difference  of  the  level  of 
the  water  at  A  and  D  would  in  this  case  be  about  two  feet. 
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The  snn's  action  would  prodoce  a  eimiUr  tide  superposed  upon 
the  Innar  tide  and  having  about  tvo-fifths  of  the  aame  elevation.  It 
the  two  tide  summits  should  coincide,  the  reauldng  elevation  of  the 
high  water  would  be  the  sum  of  the  two  separate  tides.  If  the  sun 
were  90°  from  the  moon,  the  waves  would  he  in  opposition,  and  the 
height  of  the  tide  would  be  decreased,  the  solar  tide  parti;  filling  up 
the  depression  at  the  low  water  due  to  the  moon's  action. 

Suppose  now  tJie  earth  to  be  put  in  rotation.  It  is  easy  to  see 
that  these  tidal  waves  would  tend  to  move  over  the  earth's  surface, 
following  the  moon  and  sun  at  a  certain  angle  dependent  on  the 
inertia  of  the  wat«r,  and  with  a  westward  velocity  precisely  equal  to 
that  of  the  earth's  eastward  rotation,  —  about  a  thousand  milee  an 
hour  at  the  equator.  But  it  ia  also  evident  that  on  account  of  the 
varying  depth  of  the  ocean,  and  the  irregular  form  of  the  shores,  the 
tides  coold  not  maintain  this  motion,  and  that  the  actual  result  must 
become  exceedingly  complicated.  In  fact,  the  statical  theoi'y  be- 
comes Utterly  unsatisfactory  in  regard  to  what  actually  takes  place, 
and  it  is  necessary  to  depend  almost  entii-ely  upon  the  results  of 
observation,  using  the  theory  merely  as  a  guide  in  the  discussion  of 
the  observations. 

Yet  while  this  statical  theory  of  the  tides  worked  out  by  Newton  is 
certainly  inadequate,  and  in  some  respects  incorrect,  it  eauly  furnishes  the 
explanation  of  some  of  the  most  prominent  of  the  peculiarities  of  the  tidea^ 

470.  The  Priming  and  I.a^ing  of  the  Tides. —  About  the  time 
of  new  and  full  moon,  as  has  been  stated  before  (Art.  463),  the  interval 
between  the  correBponding  tides  of  successive  days  is  about  thirteen  minutes 
less  than  the  average  of  24"  SI",  while  a  week  later  it  fa  about  as  much 
bnger.    The  reason  is  found  in  the  combination  of  the  solar  and  lunar  tides. 


On  (lie  days  of  new  and  full  moon  the  two  tides  coincide,  and  the  tide 
wave  has  its  crest  directly  under  the  moon,  or  rather  at  the  normal  distance 
behind  the  moon  which  corresponds  to  the  "  establishment "  of  the  port  of 
observation. 
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At  qiudrature  the  crest  of  the  solar  tide  will  be  jnst  90°  from  the  crest  of 
the  lunar  wave,  but  it  will  leave  the  sunuiiit  of  the  eon^itxed  wane  just  where 
it  would  be  if  tlKre  were  no  Bolor  wave  at  all :  evidently  there  is  no  possible 
reason  why  the  smaller  wave  at  S  and  S'  should  displace  the  crest  of  the  wave 
at  L  (Pig.  153)  towards  the  right  that  would  not  also  require  its  displacenieut 
towards  the  left;  it  will  tiierefore  simply  lower  the  wave  at  L  miihout  di»- 
placing  it  one  way  or  the  other.  Bat  when  the  solar  tide  wave  SS"  (Fig. 
154)  has  its  crest  at  S^  and  S,',  45°  from  L  and  L',  aa  it  will  do  about  three 
days  after  new  or  full  rooon,  then  ita  combination  with  the  lunar  wave  will 
make  the  crest  of  the  combined  wave  take  position  at  a  point  X  between  tbe 
two  crests,  and  about  half  mi  hour  of  time  ahead  {wtil)  of  the  Imiar  tide ; 
so  that  at  that  time  of  tbe  month  high  water  will  occur  about  half  an  hour 
tarlitr  than  if  there  were  no  solar  tide  (since  the  tide  waves  travel  westward). 
And  this  half-hour  has  to  be  giuned  by  diminishing  the  interval  between 
the  successive  tides  for  the  three  preceding  days.  Similar  reasoning  bHowb 
that  when  the  solar  tide  crest  falls  at  S,  and  S/,  the  combined  tide  wave  will 
be  eati  of  the  lunar  wave,  and  come  later  into  port. 

471 .  Effoot  of  the  Hooa'i  Declination  and  Slnmsl  InetiiiBlit;.  — 
In  high  latitudes  on  the  Pacific  Ocean,  twice  a  month,  when  the  moon  is 
farthest  north  or  south  of  the  celestial  equator,  the  two  tides  of  the  day  are 

very  different  in  magnitude.    When  tbe 
j^h    moon's  declination  is  zero,  there  is  no 
}f  ,y    M     such  difference :  nor  is  there  ever  any 

difference  at  ports  which  are  near  the 
earth's  equator. 

Fig.  155  mokea  it  clear  why  it  should 
be  BO.     When  the  moon's  declination  is 
zero,  things  are  as  in  Fig.  162  (Art. 
469),  and  the  two  tides  of  the  same 
•^  day  are  sensibly  equal  at  porta  in  all 

FiB.i».-Ti»Dinn..iin^i..iiir.  Utitudes.  When  the  moon  is  at  her 
greatest  northern  declination,  say  28°, 
the  two  tide  summite  will  be  at  ^  and  A'  in  Fig.  155;  the  tide  which 
occurs  at  B  when  the  moon  is  overhead  will  be  great,  while  the  tide  in  the 
corresponding  southern  latitude  at  ff  will  be  small.  The  tides  which 
occur  twelve  hours  later  will  be  small  at  the  northern  station,  then  situated 
at  C,  and  large  at  the  southern  station,  then  at  C.  For  a  port  on  the 
equator  at  £  or  Q  there  will  be  no  such  difference.  In  the  Atlantic  Ocean 
the  difference  is  hardly  noticeable,  because,  as  we  shall  see  very  soon,  iJie 
tides  in  tliat  ocean  are  mainly  (not  entirely)  due  to  tide  waves  propagated 
into  it  from  the  Pacific  and  Indian  Oceans  around  the  Cape  of  Good  Hope. 

472.  The  Wave  Theory  of  the  Tides.  — If  the  earth  were  entirely 
covered  with  deep  water,  except  a  few  little  islande  projecting  here 
and  there  to  serve  for  obserriug  Btatioos,  the  tide  waves  would  ran 
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aronnd  the  globe  regvlarli/.  According  to  Darwin  the  tide-orests, 
if  the  depth  exceeded  14  milea,  would  keep  exactly  under  the  moon 
(considering  only  the  lunar  tide).  If  the  depth  were  somewhat  Ices, 
the  tide-crests  on  the  equator  would  follow  the  moon  at  an  angle  of 
90°,  while  those  near  the  poles  would  maintain  their  old  relation,  and 
at  some  intermediate  latitude  there  would  be  a  tideless  belt  of  con- 
flicting currents.  In  the  actual  ocean,  comparatively  shallow  and 
of  varying  depth,  the  case  becomes  hopelessly  complicated.  The 
continents  of  North  and  South  America,  with  the  southern  antarctic 
continent,  make  a  barrier  almost  complete  from  pole  to  pole,  leaving 
only  a  narrow  passage  at  Cape  Horn;  and  the  varying  depth  of  the 
water  and  the  irregular  contours  of  the  shores  are  such  that  it  is  quite 
impoBsible  to  determine  by  theory  what  the  course  and  character  of 
the  tide  wave  must  be.  We  must  depend  upon  observation ;  and 
observations  are  inadequate,  because,  with  the  exception  of  a  few 
islands,  our  only  possible  tide  stations  are  on  the  shores  of  continents 
vhere  local  circumstances  largely  control  the  phenomena. 

473.  Trae  and  Foro»d  OseiUationi.  -~  If  the  water  in  th%  ocean  la 
suddenly  disturbed  (as  for  instance,  by  an  earthquake),  and  then 
left  to  itself,  a  "  free"  wave  will  be  fonned,  which,  if  the  horizontal 
dimensions  of  the  wave  are  large  as  compared  with  the  depth  of  the 
water,  will  travel  at  a  rate  depending  solely  on  the  depth.  The  veloc- 
ity of  euch  a  free  wave  is  given  by  the  formula  v  =  -^gh;  that  is,  it 
is  equal  to  the  velocity  acquired  by  a  body  in  falling  through  half  the 
depth  of  the  ocean. 

TbOB  a  depth  of  26  feet  gives  a  velocity  of  19  +  miles  per  hoar. 
100  «  «  «  «  «  89  B  <■  <■ 
10,000  ««"«  -888  "<■« 
40,000  "«""  "775  ««« 
67,200  (12]  milea)  "  « 1000  «  «  « 
90,000    «       «     «       «        '<  1166         a       «      « 

Observations  npon  the  waves  caused  by  certain  earthquakes  in 
South  America  and  Japan  have  thus  informed  us  that  Iwtweeii  the 
coasts  of  those  countries  the  Pacific  averages  between  two  and  one- 
half  and  three  miles  in  depth. 

474.  Now,  as  the  moon  fn  its  diurnal  motion  passes  across  the 
American  continent  each  day,  and  comes  over  the  Pacific  Ocean,  it 
starts  such  a  "parent"  wave  in  the  Pacific,  and  the  wave  once 
started  moves  on  nearly  (but  not  exactly)  like  an  earthquake  ware- 
Not  exactly,  because  the  velocity  of  the  earth's  rotation  being  about 
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1060  miles  an  hour  at  the  equator,  the  moon  runs  relatively  westward 
faster  than  the  wave  can  naturally  follow,  and  so  for  a  white  slightly 
accelerates  it.  A  aecond  tidal  wave  is  produced  daily  twelve  hours 
later  when  the  moon  passes  underneath.  The  tidal  wave  is  thus,  in 
its  origin,  a  forced  oscillation,  loMU  in  Ua  Btibaeqtient  travd  it  is  pretty 
nearly  a  free  oiie. 

476.  Co-Tidal  lines. — Tliese  are  lines  drawn  upon  the  eorface 
of  the  ocean  connecting  thoee  places  which  have  their  high  water  at 
the  same  moment  of  Greenwich  time.  They  mark  the  crest  of  the 
tide  wave  for  each  hour  of  Greenwich  time ;  aud  if  we  could  draw 
them  with  certainty  upon  the  globe,  we  should  have  all  uecessaiy 
information  as  to  the  motion  of  the  wave.  Un fortunately  we  can 
obtain  no  direct  knowledge  as  to  the  position  of  these  lines  in  mid- 
ocean  ;  we  only  get  a  few  points  here  and  there  on  the  coasts  and 
on  islands,  so  that  a  great  deal  necessarily  remains  conjectural.  Fig. 
156  is  a  reduced  copy  of  such  a  map,  borrowed  with  some  modi6c&- 
tjons  from  that  given  in  Guyof  s  "  Physical  Geography."  ./f 

476.  Coone  of  TraTsl  of  the  Tidal  Wave.  —  On  studying  the  m^ 
we  find  that  the  meXri  or  "  parent "  wave  starts  twice  a  day  in  the  Pacific^ 
ofi  Callao,  on  the  coa«t  of  South  America.  This  is  shown  on  the  chart 
by  a  sort  of  oval  "eye"  in  the  co-tidal  lines,  just  as  a  mountun  summit  is 
shown  on  a  topographical  chart  by  au  "  eye  "  In  the  contour  lines.  From 
this  point  the  wave  travels  northwest  through  the  deepest  water  of  the 
Pacific  at  the  rat«  of  about  850  miles  per  hour,  reaching  Kamtchatka  in 
about  ten  hom^.  To  the  west  and  southwest  the  water  is  shallower  and 
the  travel  slower,  —  only  400  to  600  milea  per  hour, — so  that  the  wave  arrives 
at  New  Zealand  in  about  twelve  hours.  Passing  on  by  Australia,  and  com- 
bining with  the  small  wave  which  the  moon  raises  directly  in  the  Indian 
Ocean,  the  resultant  tide  crest  reaches  the  Cape  of  Good  Hope  in  about 
twenty-nine  hours,  and  enters  the  Atlantic.  Here  it  combines  with  the  tide 
wave,  twenty-four  hours  younger,  which  has  "backed"  into  the  Atlantic 
around  Cape  Horn,  and  It  is  modified  also  by  the  direct  tide  produced  by  the 
moon's  action  upon  the  waters  of  the  Atlantic.  The  residtaut  tide  crest 
then  travels  northward  through  the  Atlantic  at  the  rate  of  nearly  700  miles 
per  hour.  It  ia  about  forty  hours  old  when  it  first  reaches  the  coast  of  the 
United  States  in  Florida,  and  our  coast  is  so  situated  that  it  arrives  at  aU 
the  principal'  ports  witbin  two  or  three  hours  of  that  time.  It  is  forty-one 
or  forty-two  hours  old  when  it  arrives  at  New  York  and  Boston.  To  reach 
London  it  has  to  travel  around  the  northern  end  of  Scotland  and  throi^h 
the  North  Sea,  and  Is  nearly  sixty  hours  old  when  it  arrives  at  that  port  and 
the  ports  of  the  German  Ocean, — Hamburg,  etc. 

In  the  great  oceans  there  are  thus  three  or  four  tide  crests  traveQing 
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Bimultaneoiulj,  following  each  other  nearlj  in  the  Mme  trnck,  but  witii 
coDtinual  minor  changen,  owing  to  the  variations  in  tha  relative  positions  ol 
the  sun  and  uioon  and  their  changing  distances  and  declinations.  If  we  take 
into  account  the  tides  in  rivers  and  sounds,  the  number  of  simultaneona 
tide  crests  must  be  at  least  six  or  seven ;  that  ia,  the  high  water  at  the 
extrenuty  of  its  travel,  up  the  Amazon  River,  for  instance,  must  be  at  least 
three  or  four  days  old,  reclianed  from  its  birth  in  the  Pacific.* 

477.  Tides  in  Riven.  —  The  tide  wave  ascends  a  river  at  a  rat« 
which  depends  Qpon  the  depth  of  the  water,  the  amount  of  friction, 
and  the  swiftness  of  the  etream.  It  may,  and  generally  does,  ascend 
until  it  comes  to  a  rapid,  where  the  velocity  of  the  water  i»  greater  than 
tiiat  of  the  wave.     In  shallow  streams,  however,  it  dies  out  earlier. 

Contrary  to  what  Is  usu^Iy  supposed,  it  often  ascends  to  an  elevation  far 
above  that  of  the  highest  crest  of  the  tide  wuve  at  the  river's  mouth.  In  the 
La  Plata  and  Amazon  it  goes  up  to  an  elevation  at  least  one  hundred  feet 
above  the  sea-level.  The  velocity  of  the  tide  wa»a  in  a  river  seldom  exceeds 
ten  or  twenty  miles  an  hour,  and  is  usually  less. 

178.  Height  of  lidea.  —  In  mid-ocean  the  difference  between  high 
and  low  water  is  usually  between  two  and  three  feet,  as  observed 
OD  isolated  deep-water  islands  in  the  Pacific  ;  but  on  the  coatinental 
shores  the  height  is  usually  much  greater.     As  soon  as  the  tide  wave 
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touches  bottom,  so  to  speak,  the  velocity  is  diminished  and  the  height 
of  the  wave  is  increased,  something  as  in  tlie  annexed  figure  (Fig. 
167).  Theoretically  the  height  varies  inversely  as  the  fourth  root  of 
the  depth.  Thus,  where  the  water  is  100  feet  deep,  the  tide  wave 
should  be  twice  as  high  as  at  the  depth  of  1600  feet. 

Where  the  configuration  of  the  shore  forces  the  wave  into  a  comer, 
it  sometimes  becomes  very  high.  At  the  head  of  the  Bay  of 
Fundy,  tides  of  seventy  feet  are  not  very  uncommon,  and  an  altitude 
of  nearly  a  hundred  feet  is  said  to  be  occasionally  attained. 

At  Bristol,  England,  in  the  mouth  of  the  Severn  the  tide  rises  fifty  fe^ 
and  sometimes  ascends  the  river  (as  it  also  does  the  Seine,  in  France,  uid 

^  We  are  greatly  indebted  to  Loomis^s  discussion  of  the  subject  in  his  "Ele- 
ments of  Astronomy." 
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Bm  Amazon)  aa  a  breating  wave,  called  tlie  "bore"  or  "eiger"  (French, 
mmcarei),  with  a  nearly  Teitical  front  five  or  sU  feet  in  height,  crested  with 
foam,  and  very  dangerous  to  small  vessels.  On  the  east  coast  of  Ireland, 
opposite  to  Bristol,  the  tide  ranges  only  about  two  feet. 

In  mid-ocean  the  water  has  no  progreasire  motion,  but  near  the  land 
it  has,  running  in  at  the  flood  to  fill  up  the  bays  and  cover  the  flats,  and 
then  ronning  Out  again  at  the  ehh.  The  velocity  of  these  tidal  cvrrenie  must 
not  he  confounded  with  that  of  the  tide  wave  itself. 

479.  Befleotton  and  Interferesoe.  —  The  tide  wnve  when  it  reaches 
the  shore  is  oot  entirely  destroyed,  especially  if  the  coaat  is  bold  aod 
the  water  deep ;  but  is  partly  reflected,  aad  the  reflected  wave  goes 
back  into  the  ocean  to  meet  and  modify  the  new  tide  wave  which  is 
coming  in.  Of  course,  in  such  a  case  we  get  "interferences,"  so 
that  on  islands  in  the  Pacific  only  a  few  hundred  miles  apart  we  find 
great  dilTerences  in  the  heights  of  the  tides.  At  one  place  tbe  direct 
waves  and  the  waves  refiected  from  the  shores  of  Asia  and  South 
America  may  conspire  to  give  a  tide  of  three  or  foUr  feet,  or  nearly 
double  its  normal  value,  while  at  another  they  nearly  destroy  each  other. 

There  are  places,  also,  which  are  reached  by  tides  coming  by  two  difierent 
routes.  Thus  on  the  east  coast  of  England  and  Scotland  the  tide  waves 
come  both  around  the  northern  end  of  Scotland  and  through  the  Straits  of 
Dover.  In  some  places  on  thb  coast  we  have,  therefore,  a  tide  of  nearly 
double  height,  while  at  others  not  very  far  away  there  will  be  hardly  any 
tide  at  all;  and  at  intermediate  points  there  are  sometimes  four  distinct 
high  waters  in  twenty-four  hours.  As  a  consequence  of  this  reflection  and 
interference  of  the  tide  waves  it  follows  that  if  the  tide-raising  power  were 
■nddenly  abolished,  the  tides  would  not  immediately  cease,  but  would  coo- 
tdnne  to  run  for  several  days,  and  perhaps  weeks,  before  they  gradually  died 
out. 

480.  Effect  of  the  Yarying  Fresanre  of  Oie  Barometer,  and  of 
tiie  Wind. — When  the  bammeter  at  a  given  port  is  lower  than 
usual,  the  level  of  the  water  is  generally  higher  than  the  averf^e, 
at  the  rate  of  about  one  foot  for  every  inch  of  the  mercury  in  the 
barometer ;  and  vice  versa  when  it  is  higher  than  usual. 

When  the  wind  blows  into  the  mouth  of  a  harbor,  it  drives  in 
the  water  of  the  ocean  by  its  surface  friction,  and  may  raise  the 
water  several  feet.  In  such  cases  the  time  of  high  water,  contrary 
to  what  might  at  first  be  supposed,  is  delayed,  sometimes  as  much  as 
fifteen  or  twenty  minutes. 

This  result  depends  upon  the  fact  that  the  wat«r  runs  into  the 
h^bor  for  a  longer  time  than  it  would  do  if  the  wind  were  not  blow- 
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ing.  The  Dormal  depth  of  the  water  on  tbe  bar  is  reached  before 
the  predicted  time,  so  tltftt  at  the  predicted  time  the  water  is  deeper 
thui  it  would  be  if  there  were  no  wind,  but  the  maximum  depth  is 
not  attained  until  Bome  time  later.  Of  course,  the  results  are  Uie 
opposite  when  the  wind  blows  out  of  the  harbor :  the  time  of  high 
water  comes  earlier,  and  the  depth  of  water  on  tbe  bar  at  the  pre- 
dicted time  of  high  water  is  less  tban  it  otherwise  would  be. 

461.  Tides  in  Lakea  and  Inland  Seat.  —  These  are  small  and  diffi- 
cult to  detect.  Theoretically,  the  range  between  high  and  low  water  in  a 
land-locked  sea  should  bear  about  the  same  ratio  to  the  rise  and  fall  of  the 
tide  in  mid-ocean  that  the  length  of  the  sea  doea  to  the  diameter  of  the  earth. 
Variations  in  the  direction  of  the  wind  and  the  barometric  presaure  cause 
continual  oecUlationain  the  wat«r-level  which,  eren  in  a  quiet  lake,  are  much 
larf^T  than  tbe  true  tides;  bo  that  it  ia  only  by  taking  a  long  series  of  obser- 
vations, and  discuBBing  them  with  reference  to  the  moon's  position  in  the  sky, 
that  it  is  possible  to  separate  the  real  tide  from  the  effects  of  other  causes. 
In  I/ake Michigan,  at  Chicago,  a  tide  of  about  one  and  three-quarters  inches 
has  thus  been  detected,  the  "establishment"  of  the  port  being  about  tliirty 
minutes.  In  Lake  Erie,  at  Buffalo  and  Toledo,  the  tide  ia  about  thi-ee-quarters 
of  an  inch.  On  the  coasts  of  the  Mediterranean  the  tide  averages  about 
eighteen  inches,  attaining  a  height  of  three  or  four  feet  at  the  head  of  some 
of  the  bays. 

482. '  The  Rigidity  of  the  Earth.  —  Lord  Kelvin  has  endeavored 

to  make  tbe  tides  the  criterion  of  tbe  rigidity  of  the  earth's  core. 
Evidently  if  the  solid  parts  of  the  earth  were  fiuid,  there  would  be  no 
observable  tide  anj'where,  since  the  whole  surface  would  rise  and  fall 
together.  If  the  earth  were  semi-^olid,  so  to  speak  (that  is,  viscous, 
and  capable  of  yielding  more  or  less  to  the  forces  tending  to  change 
its  form),  the  tides  would  be  observable,  but  to  a  less  degree  than  if 
tbe  earth's  core  were  rigid.  And  with  this  further  peculiarity  —  since 
a  viscous  body  requires  time  to  change  its  form,  waves  of  short  period 
would  be  observable  upon  the  semi-solid  earth  nearly  to  their  full  ex- 
tent, while  those  of  long  period  would  almost  entirely  disappear, 
owing  to  the  slow  yielding  of  the  earth's  crust^^  Now  the  actual  tide 
wave,  as  observed,  is  really  made  up  of  a  multitude  of  component 
tide  waves  of  different  periods,  ranging  from  half  a  day  upwards. 
According  to  the  "principle  of  forced  vibrations"  every  regularly 
recurring  periodic  change  in  the  forces  which  act  on  the  surface  of 
the  ocean  must  produce  a  tide  of  greater  or  less  magmtude,  aod  of 
exactly  corresponding  period. 
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We  have,  for  instAnce,  the  Bemi-dinnitU,  solar,  and  lunar  tides ;  then  tiie 
two  monthly  tides  due  to  the  change  in  the  moon's  distance  and  declination, 
and  the'  tno  annual  tides  due  to  the  changes  of  the  sun's  distance  and 
declination,  not  to  speak  oi  the  nineteen-year  tide  due  to  th«  revolution  of 
the  moon's  nodes. 

A  thorough  analjUcal  diBcusaion  of  thirty-three  gears'  tidal  ob- 
tervadoDB  at  different  purta  of  the  world  has  been  made  under  the 
directioD  of  Lord  Kelvin  by  Mr.  George  Darwin,  with  the  result 
that  not  only  do  the  short  waves  show  themselveB,  but  tJie  leaves  of 
long  period  are  found  to  manifest  themselves  with  almost  their  fuU 
theoretieal  value.  Lord  Kelvin  concludes  that  the  earth  as  a  whole 
"must  be  mare  rigid  than  steel,  but  perhaps  not  quite  so  rigid  as 
gltuis." '  This  result  is  at  variance  with  the  prevalent  belief  of  geolo- 
gists that  the  core  of  the  earth  is  a  molten  massi  and  has  led  to  much 
discussion  which  we  cannot  deal  with  here. 

483.  Effect  of  the  Tides  on  the  Earth's  Rotation. — If  the  tidal 
motion  consisted  merely  in  the  upward  and  downward  motion  of  the 
particles  of  the  ocean  to  the  extent  of  two  feet  or  so  twice  a  day,  it 
would  involve  a  very  trifling  expenditure  of  energy ;  and  thia  is  the 
case  with  the  mid-ocean  tide.  But  near  the  land  thia  almost  inacnai- 
hle  mere  oscillatory  motion  is  transformed  into  the  bodily  travelling 
of  immenae  maasea  of  water,  which  flow  in  upon  the  shallows  and 
then  out  again  to  aea  with  a  great  amount  of  fluid  friction  ;  and  this 
involves  the  expenditure  of  a  veiy  considerable  amount  of  energy 
which  is  dissipated  as  heat.  Prom  what  sources  does  thia  energy 
come?  The  answer  is  that  it  must  be  derived  mainly  from  the 
earth's  energy  of  rotation,  and  the  necessary  effect  is  to  diminish  that 
energy  by  lessening  the  speed  of  the  rotation.  Compared  with  the 
earth's  whole  stock  of  rotational  energy,  however,  the  loss  of  it  by 
tidal  friction,  even  in  a  century,  is  very  email,  and  the  effect  on  tiie 
length  of  the  day  is  extremely  slight. 

The  reader  will  recall  the  remarks  upon  the  subject  of  the  secular  accel- 
eration of  the  moon's  mean  motion  a  few  pages  back  (Art.  461). 

While  it  is  certain  that  the  tidal  friction  tends  to  lengthen  the  day, 
it  does  not  follow  that  the  day  really  grows  longer.  There  are 
counteracting  canses ;  —  for  example,  the  earth's  radiation  of  heat 
into  apace,  and  the  consequent  shrinkage  of  her  volume. 

t  researches  of  S.  S.  Hongh  upon 
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Afl  matters  stand  we  do  not  know  whether,  <m  a  fact,  the  day  is 
really  longer  or  shorter  than  it  was  a  thousand  years  «jp.  The 
change,  if  any  has  really  occurred,  can  hardly  be  aa  great  as  j^j  of 
a  second. 


484.    Eifeet  of  the  Tide  on  the  Hoon'a  Hotion.  —  'Sot  only  does 
the  tide  diminish  the  earth's  energy  of  rotation  directly  by  the  tidal 
If  friction,  but,  theoretically,  it  also  communicates 

a  minute  portion  of  that  energy  to  the  Tncon.  It 
will  be  seen  that  a  tidal  wave,  situated  as  in 
Fig.  168,  would  slightly  accelerate  the  moon's 
motion,  the  attraction  of  the  moon  by  the  tidal 
protuberance  F  being  slightly  greater  than  that 
of  the  tide  wave  at  F'—a.  difference  tending  to 
increase  the  moon's  velocity  and  bo  to  increase 
the  major  axis  of  its  orbit.  The  effect  is  there- 
fore to  make  the  moon  recede  from  the  earth,  and 
to  lengthen  the  month.  • 

Upon  this  interaction  between  the  tides  and 

the  motions  of  the  earth  and  moon  Professor 
George  Darwin  has  founded  his  theory  of  "tidal 
evolution";  namely,  that  the  satellites  of  a  planet, 
<  having  separated  from  it  millions  of  years  ago, 
have  been  made  to  recede  to  their  present  dis- 
tances by  just  such  an  action.  A  similar  action  is  invoked  by  Dr. 
See  to  explain  the  elongated  orbits  of  double  stars.     (Art.  877.) 

An  excellent  popular  statement  of  the  theoT7  will  be  found  in  the  closing 
chapter  of  Ball's  "  Story  o£  the  Heavens,"  and  in  his  little  book  entitled 
"  Time  and  Tide."  The  original  papers  of  Mr.  Darwin  in  the  "  Philosophical 
Transactions  "  are  o£  course  severely  mathematical.^^ 
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CHAPTER  XIV. 

THE  PLAKBTS :  THEIB  MOTIONS,  APPARENT  AND  REAL.  — 
THE  PTOLEMAIC,  TYCHONIC,  AND  COPERNICAN  SYSTEMS. 
—  THB  ORBITS  AND  TH£IB  ELEMENTS.  —  PLANBTABS 
PERTURBATIONS. 

48S.  For  the  most  part,  the  stars  keep  their  reUtiTa  conflgnratioiig 
BDvhanged,  however  much  the;  alter  their  positions  in  the  sky  from 
hour  to  boar.  The  "  dipper  "  remains  always  a  '*  dipper  "  in  what- 
erer  part  of  the  heavens  it  may  be.  Bat  while  this  is  true  of  the 
stars  in  general,  certain  of  tlie  heavenly  bodies,  and  among  them 
those  that  are  the  most  conepicuoua  of  ail,  form  an  exception.  The 
Bun  and  moon  continually  change  their  places,  moving  eastward 
among  tbe  stars ;  and  certain  others,  which  to  the  eye  appeu  as  very 
brilliant  stars,  also  move,^  though  not  in  quite  so  simple  a  way. 

U6.  These  bodies  were  named  by  the  Greeks  the  ^* planets";  that 
is,  "  wanderers."  Tbe  ancient  astrononiera  counted  seven  of  tbem. 
They  reckoned  tbe  sun  and  moon,  and  in  addition  Mercury,  Venus, 
Hars,  Jupiter,  and  Saturn. 

TenuB  and  Jupiter  are  at  all  times  more  brilliant  than  any  of  tiie 
fixed  stars.  Mars  at  times,  but  not  usually,  is  nearly  as  bright  as 
Jupiter  ;  and  Saturn  is  brighter  than  all  but  a  very  few  of  the  stars. 
Mercury  ia  also  bright,  but  seldom  seen,  because  always  near  the  sun. 

At  present  the  sun  and  moon  are.uot  reckoned  as  planets;  but 
the  roll  includes,  in  addition  to  the  five  other  bodies  known  by  the 
auoients,  the  earth  itself,  which  Copernicus  showed  should  be  counted 
among  tbem,  and  also  two  new  bodies  of  great  magnitude  (though 
inconspicuous  because  of  their  distance)  which  have  been  discovered 
In  modem  times ;  then  there  is  in  addition  a  boat  of  so-called  "  aste- 
roids" which  circulate  in  the  otherwise  vacant  space  between  the 
planets  Mars  and  Jupiter. 

1  When  we  ipeak  of  the  motion  of  the  planeU,  the  reader  will  understand  that 
die  diurnal  motion  ii  not  taken  into  account.  We  apeak  of  their  mo^ona  amanff 
Aetlan. 
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487.  The  tist  of  the  pUnete  in  the  order  of  distance  from  the  Ban 
BtnndB  thus  at  present:  Mercury,  Venus,  the  Earth,  Mare,  Jupiter, 
Saturn,  Uranus,  and  Neptune  ;  and  between  Mare  aud  Jupiter,  iu  the 
place  where  a  planet  would  naturally  be  expected  to  revolve,  there 
are  at  present  known  about  700  little  planets,  which  probably  repre- 
sent a  single  one,  somehow  "  spoiled  in  the  making,"  so  to  apeak,  or 
burst  into  fragmeuts. 

The  planete  are  all  dark  tx>dies,  shining  only  by  reflected  sun- 
light, —  globes  which,  like  the  earth,  revolve  around  the  sun  in 
orbits  nearly  circular,  moving  all  in  the  same  direction,  and  (with 
acme  exceptions  among  the  asteroids)  noaily  in  the  common  plane  of 
the  ecliptic  and  sun's  equator.  AH  of  them  but  the  inner  two  aud  the 
asteroids  are  also  attended  by  '*  satellites."  Of  these  the  earth  has  one 
(tbs  moon),  Mars  two,  Jupiter  seven,  Saturn  ten,'  L'ranus  four,  and 
Neptune  one;  i.e.,60  far  as  at  present  known ;  for  although  it  is  hardly 
probable,  it  is  not  at  all  impossible  that  others  may  yet  be  found. 

4S8.  AelatiTe  Diitanoei  of  Planets  from  the  Sun :  Bode's  Law. 
—  There  is  a  curious  approximate  relation  between  the  distances 
of  the  planete  from  the  sun,  which  makes  it  easy  to  remember  them. 
It  is  usually  known  as  Bode's  Law,  because  Bode  first  brought  it 
prominently  into  notice  in  1772,  though  Titius  of  Wittenberg  seems 
to  have  discovered  and  enunciated  it  some  years  earlier.  The  law  is 
this  :  Write  a  series  of  4's.  To  the  second  4  add  S  ;  to  the  third  add 
3  X  2,  or  C  ;  to  the  fourth,  3x4,  or  12 ;  and  so  on,  doubling  the 
added  number  each  tame,  as  in  the  accompanying  sclieme. 


48  96        192 


[28] 
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The  resulting  numbers,  divided  by  10,  are  pretty  nearly  the  trae 
mean  distances  of  the  planets  from  the  snn,  in  terms  of  the  radius 
of  the  earth's  orbit.  In  the  cose  of  Neptune,  however,  the  law 
breaks  down  utterly,  and  is  not  even  approximately  correct. 

For  the  present,  at  least,  the  law  is  to  be  regarded  as  a.  mere 
coincidence.  Its  explanation  may  perhaps  ultimately  be  found  in 
the  process  by  which  the  system  was  developed. 

The  general  expression  for  the  nth  term  of  the  aeries  is  4  +  3  X  S*"-"; 
but  it  does  not  hold  good  of  the  first  term,  which  ia  simply  4,  instead  of 
being  5  J,  i.e.,  (1  -t-  3  X  2"'),  as  it  should  be. 
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TABLE  OF  NAMES,  DISTANCES,   AND  PERIODS.  819 

489.    TaUe  of  Names,  lUstaooM,  and  Periodi. 


s.- 

Stsbol. 

DlBIidCB. 

BODI. 

Dm. 

Bm.  PiBion. 

Btk. 

PIBIOD. 

Mercnry 

9 

0.387 

0.4 

-0J)18 

88^  or       3» 

116* 

Veniu 

9 

0.723 

0.7 

+  0.028 

224.74  OP      7j« 

584* 

Ewth 

® 

1.000 

1.0 

0.000 

Sa^i'  or  17 

Mar. 

J 

1.^ 

1.6 

-0.077 

867'"    orVlOS- 

780* 

McM  Asteroid 

2.660 

2.8 

-0.160 

8T.1  to  8t,0 

variou. 

Jupiter    .... 

^ 

6.202 

6.2 

+  0,002 

1U.9 

3904 

SalnrD 

"? 

9.689 

10.0 

-0.461 

20T.6 

878* 

Unnui 

iS4W 

19.183 

10.6 

-0.417 

847.0 

870* 

Keptune  .... 

W 

30.064 

88.8 

-8.7461 

1647J 

8871* 

The  colainn  headed  "Bode"  gives  the  dietance  aucording  to  Bode'i  Uw;  the 
oolumu  headed  "  Diff.,"  the  difference  between  the  true  diitance  and  that  gireo  by 
Bode'i  law. 


IM.  —  Plui  of  the  OrblU  of  Ibc  FluwU  luMc  ol  SstMTB. 
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490.  Fig.  150  shows  the  smaller  orbits  of  thesjstein  (includiog  the  orbit 
of  Jupiter)  drawn  to  scale,  the  radius  of  the  earth's  orbit  being  takeu  as  one 
centimetre.  On  this  scale  the  diameter  ot  Saturn's  orbit  would  be  IQ'^.OS, 
that  ot  Uranus  would  be  38™.36,  and  that  ot  Neptune,  60™.!!.  The 
nearest  fixed  star  on  the  same  scale  would  be  about  a  roile  and  a  quarter 
away.  The  dott«d  half  of  each  orbit  is  that  which  lies  below,  i.e.,  south  of, 
the  plane  of  the  ecliptic.  The  place  ot  perihelion  ot  each  planet's  orbit  is 
marked  with  a  P.     The  orbita  of  five  of  the  asteroids  are  also  given. 

491.  Period!.  — The  sidereal  period  of  a  planet  is  the  time  of  its 
revolution  around  the  sun  from  a  star  to  the  same  star  again,  as  se^n 
frvm  the  eun.  The  synodic  period  is  the  time  between  two  successive 
conjunctions  of  the  planet  with  the  sun,  as  seen  from  the  earth.  The 
sidereal  and  synodic  periods  are  connected  by  the  same  relation  as 
the  sidereal  and  synodic  months  (Art.  232) ;  namely,  — 

^     P     -£■' 
in  which  £!,  P,  and  S  are  respectively  the  periods  of  the  earth  and  of 
the  planet,  and  the  planet's  synodic  period,  and  the  numerical  differ- 
ence between  —  and  -^  is  to  be  taken  without  regard  to  sign, 

—  ia  the  planet's  mean  daUg  motion  expressed  as  a  fraction  of  the  whole 
circumference,  while  ~  is  the  earth's  motion;  and  the  equation  simply 
states  that  the  dwly  sgnodic  motion  f  -  1,  w  the  difference  of  the  other  two 

tnoliont.  The  two  last  columns  of  the  table  in  Article  489  give  the  i^proii- 
raato  periods,  both  sidereal  and  synodic,  for  the  diiferent  planets. 

492.  AppareBt  Hotioni.  —  As  viewed  from  a  distant  point  on  the 
line  drawn  through  the  sun,  perpendicular  to  the  plane  of  the  eclip- 
tic, the  planets  would  be  seen  to  travel  in  their  nearly  circular  orbits 

with  a  regular  motion.  As  seen  from  the  earth  the  apparent  motion 
is  much  more  complicated,  being  made  up  of  their  real  motion  around 
the  sun  combined  with  an  apparent  motion  due  to  the  earth's  own 
movement. 

493.  Law  of  E«latiTfl  Hotion.  —  The  motion  of  a  body  relative 

to  the  earth  can  be  very  simply  stated.  It  is  always  the  same  as  if 
the  body  had,  combined  with  its  own  motion,  another  motion,  identical 
with  that  of  the  earth,  but  reversed. 


D.gitizect.yG00glc 


COMBINATION  OF  EARTH'S   AMD  PLANBT'S  MOTIONS.     821 

The  proof  of  tiiis  b  simple.  Let  E,  Pig.  160,  be  the  earth,  and  P  the 
planet,  ita  direction  and  distance  being  given  by  the  line  EP.  Let  E  have 
a  motion  which  will  take  it  to  £"  in  a  unit  of  time,  and  P  a  motion  which 
wiU  take  it  to  P'  in  the  same  time.  Then  at  the  end  of  a  unit  of  time  the 
distance  and  direction  of  P  from  E  will  be  given  by  the  line  FP*.  But  if 
we  suppose  E  to  remain  at  rest,  and  give  to  P  a  motion  Pt  equal  to  ££'  but 


\1  / 


Vra,]aO.  — TtMRalatlTelCMkuuot  Two  Bodla*. 

oppomte  in  direction,  and  combine  this  motion  with  PP"  by  drawing  the 
parallelogram  of  motions,  we  Rholl  get  P"  for  the  resttlting  place  of  P  at 
the  end  of  the  unit  of  time;  and  becaiiBe  the  line  EP"  is  parallel  and  equal 
to  £*/"  (aa  follows  from  the  construction),  the  point  P",  as  seen  from  E, 
would  occnpy,  in  the  celestial  sphere,  precisely  the  same  position  as  P"  seen 
from  E";  since  all  parallel  lines  pierce  the  sphere  at  one  and  the  same  opti- 
cal poist  (Art.  7). 

If,  therefore,  the  earth  moves  in 
a  circle,  every  body  really  at  rest 
will  appear  to  move  In  a  circle  of 
the  same  size  as  the  earth's  orbit, 
but  keeping  in  sncb  a  part  of  its 
circle  as  always  to  have  its  motloD 
precisely  opposite  to  the  earth's 
oiTD  real  motion  at  the  moment. 
We  shall  have  occasion  to  use  this 
principle  very  iVequently. 

494.  Oeocentrio  KotioiL  of  a 
Planflt  in  Space. — T}iB"ffeoce'ntrie" 
motion  of  a  planet  Is  its  motion 
relative  to  the  earth  regarded  as  a 

fixed  centre,  and  is  therefore  made  up  of  two  motions,  —  that  of  a 
body  moving  once  a  year  around  the  circumference  of  a  circle  equal 
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to  the  earth's  orbit,  while  the  centre  of  thia  circle  itself  goes  aroniid 
the  eon  upon  the  real  orbit  of  the  planet,  and  with  a  periodic  time 
equal  to  that  of  the  planet.  In  other  words,  its  distance  and  direction 
from  the  earth  are  always  juat  what  they  would  be  if  the  eai-th  were 
at  rest  while  the  planet  itself  moved  In  this  complicated  manner.  As 
the  result  of  this  combination  of  motions  the  relative,  or  "geocentric," 
orbit  of  a  planet  is  a  looped  curve,  which,  if  the  real  orbits  were  per- 
fectly circular,  would  be  exactly  an  epicycloid.  Since,  however,  the 
orbits  are  slightly  oval  the  loops  actually  vary  somewhat  In  size  and 
distance  from  each  other.  Jupiter,  for  instance,  appears  to  move  as 
in  Fig.  161,  making  eleven  loops  in  each  revolution,  the  smaller 
circle  having  a  diameter  of  about  one-fifth  that  of  the  larger  one, 
upon  which  its  centre  moves,  since  the  diameter  of  Jupiter's  orbit 
is  about  five  times  that  of  the  earth's.  (For  fuller  illustration  see 
Appendix,  Art.  1009.) 


49S.    Appar«st  Kotlons  ol  the  Plaseti  npon  the  Celestial  Sphere. 
Bireot  and  Betrograde  Kotioni  and  Btationary  Points,  —  As    a 


Fio,  lt2.  —  PluieULry  CDDflgnrMtoni  aaii  Ajpeou. 

consequence  of  this  looped  motion  we  have  a  peculiar  back-and-forth 
movement  of  the  planets  among  the  stars.  Starting  from  the  time 
when  the  sun  is  between  us  and  the  planet,  —  the  time  of  superior 
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coDJnnction,'  as  it  is  called,  because  the  planet  is  tben  aiove  the  sun, 
t.e.,  farther  from  the  earth  (at  a  in  its  geoeentrie  orbit,  Fig.  161),  — 
^  the  planet  moves  eastward  among  the  stars  for  a  certain  time,  con- 
tinually increasing  its  longitude  (and  also  its  right  ascension)  until 
at  last  its  apparent  motion  slackens  and  it  becomes  stationary  at  the 
points  marked  e,  c,  c,  in  the  geocentric  orbit,  Fig.  161.  .Jlbfi^elgng^ 
tion  of  tJiia  stationary  point  from  the  sun  depends  upon  the  size  of 
the  pliuief  s  orbit  compared  with  that  of  the  earth. 
^TEeii  it  reverses  its  motion  and  moves  westward,  or  "retrogrades," 
for  a  while,  t!ie  middle  of  the  arc  of  retrogression  being  passed  at  the 
time  when  the  earth  and  planet  are  in  line  with  the  sun,  and  on  the 
same  side  of  it  at  the  points  marked  b,  b,  in  the  geocentric  orbit,  — 
the  ends  of  the  "loops"  where  the  distance  of  the  planet  from  the 
Earth  is  a  minimum.  If  the  planet  is  one  of  the  outer  ones,  it  will 
then  be  opposite  to  the  sun  in  the  sky  like  the  full  moon,  and  is  said 
to  be  "tn  opposition."  If  it  is  one  of  the  inferior  planets  (Venus  or 
Mercury),  it  will  then  be  in  "inferior  conjunction,"  as  it  is  called, 
between  the  earth  and  sun. 

After  the  planet  has  completed  its  arc  of  retrogression,  it  ^ain 
becomes  stationary,  turns  upon  its  course,  and  once  more  advances 
eastward  among  the  stars,  until  the  synodic  period  is  completed  by 
its  re-arrival  at  superior  conjunction. 

Both  in  the  number  of  degrees  passed  over,  and  in  the  time  spent 
in  this  motion,  the  eastward  or  '^direct"  motion  always  exceeds  the 
retrograde.  In  the  case  of  the  remoter  planets  the  excess  is  small 
—  from  3°  to  10°;  in  the  case  of  the  nearest  ones.  Mars  and  Venus, 
it  is  many  times  greater. 

X  As  observed  with  a  sidereal  clock,  all  the  planets  come  later  to  the 
meridian  each  night  when  moving  direct,  since  their  right  ascension  is 
then  increasing ;  but  vtcever^a,  of  course,  when  they  aierefro^ratfiny. 

496.  Xotiona  in  Latitude. —  If  their  orbits  lay  precisely  in  the 
same  plane  as  that  of  the  earth,  the  planets  would  always  keep 
exactly  upon  the  ecliptic.    In  fact,  however,  they  deviate  from  that 

1  We  give  Fig.  162  to  lUuBtrsto  the  meaning  of  the  different  terms,  Opposition, 
Qmdratare,  Iitferior  and  Superior  Conjunction,  and  Greatest  Elongation.  £  la 
the  poeitiDn  of  the  earth,  the  inner  circle  being  the  orbit  of  an  inferior  planet, 
while  the  outer  circle  is  the  orbit  of  a  superior  planet.  In  general,  the  angle  PES 
{ibe  angle  at  the  earth  between  linen  drawn  from  the  earth  to  the  planet  and  to 
the  Buu)  la  the  plajiet'a  elongation  at  the  moment.  For  a  superior  planet  it  can 
have  any  valne  from  zero  to  180°;  for  an  inferior  it  has  a  maiiuium  value  tliat 
the  planet  cannot  exceed,  depending  upon  the  diameter  of  its  orbit 
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circle  to  the  extent  of  4°  or  5°,  and  Mercury  sometimes  as  much  as 
8°;  so  that  their  paths  among  the  stars  form  loops  and  kinks.    Tig. 


Elg.  Ita.  —  Kotion  of  Satnni  and  Unniu 


163  shows,  as  an  example,  the  appaietit  motions  of  Saturn  and 
Uranus  for  1897.  In  the  case  of  Mars  the  loops  are  usually  much 
more  intricate. 

497.  KotiOD  of  the  Flaoeta  with  Ewpeot  to  the  Sun'i  Place  in 
the  Sky.    Change  of  Elon^tion.  —  The  visibility  of  a  planet  depends 

mainly  upon  its  angular  distance,  or  "elongation,"  from  the  sun, 
jf  because  when  near  the  sun  the  planet  will  be  above  the  horizon  only 
by  day,  and  cannot  usually  be  seen.  As  regards  their  motions,  con- 
sidered from  this  point  of  view,  there  Is  a  marked  difierenoe  between 
the  inferior  planets  and  the  superior. 

498.  BebaTiOT  of  a  Superior  Planet  —  The  superior  planets  drop 
always  steadily  u-esUaard  with  respect  to  the  sun's  place  in  the  heavens, 
continually  increasing  their  western  elongation,  or  decreasing  their 
eastern  :  they  therefore  invariably  come  earlier  to  the  meridian  every 
successive  night,  as  observed  by  a  tirae-piece  keeping  solar  time. 

Beginning  at  superior  conjunction,  the  planet  is  then  moving  eastward 
among  the  stars  with  its  greatest  speed  ;  but  even  then  its  eastward  motion 
ia  not  so  great  as  the  sun's,  and  so  the  planet  relatively  falls  westward.  After 
a  while  it  will  have  fallen  behind  by  90°,  and  will  then  be  in  western  quad- 
rature, and  on  the  meridian  at  aunrise ;  at  the  end  of  half  its  aynodic  period 
it  will  have  lost  130°,  and  will  be  juat  opposite  the  aun  at  sunset,  being  then 
at  its  least  possible  distance  trom  the  earth,  and  at  ita  greatest  brilliance. 
At  this  time  the  difference  between  the  times  of  ita  daily  culminations  is 
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also  the  greatest  possible,  and  may  be  as  much  (in  the  case  of  Mars)  a 
miuutes,  by  which  amount  it  arriyes  at  the  meridian  earlier  each  b' 
night.  After  opposition  the  planet  is  higher  in  the  sky  each  ni^ht  at  sunset 
until  it  reaches  eastern  quadrature,  vhen  it  is  90°  east  of  tha  sun,  and  there- 
fore on  the  meridian  at  sunset.  Thence  it  drops  back,  falling  more  and 
more  slowly  westwards  towards  the  suu,  until  the  synodic  period  in  com~ 
plet«d  by  a  new  conjunction.  ^ 

499.  notion  of  an  Inferior  Planet — The  inferior  planets  appear, 
on  the  other  hand,  to  vibrate  across  the  sun,  moving  out  equal  dis- 
tances on  each  side  of  it,  but  making  the  westward  swing  much 
quicker  than  the  eastern. 

The  reason  of  this  difference  is  obvious  from  Fig.  162.  Matters 
take  place  with  respect  to  the  earth,  sun,  and  planet  as  if  the  earth 
were  at  rest  and  the  planet  revolving  around  the  sun  once  in  a  st/n- 
odic  (not  sidereal)  period.  Now,  since  the  distance  between  the 
points  of  greatest  elongation,  V  and  V,  is  less  through  inferior  con- 
junction I,  than  from  V  aroond  to  F  through  C,  the  time  ought  to 
be  coirespondingly  shorter,  as  it  is. 

900.  The  Ptolemaic  System.  —  The  ancient  astronomers,  for  the 
most  part,  never  doubted  the  fixity  of  the  earth,  and  its  position  in 
the  centre  of  the  celestial  universe,  though  there  are  some  reasons  to 
think  that  Pythagoras  may  have  done  so.  Assuming  this  and  the 
actual  diurnal  revolution  of  the  heavens,  Ptolemy,  who  flourished  at 
Alexandria  about  140  a.d.,  worked  out  the  system  which  bears  his 
name.  His  MryoAi;  SiStraf «  (or  Almagest  in  Arabic)  was  for  fourteen 
centuries  the  authoritative  "Scripture  of  Astronomy."  «He  showed 
that  all  the  apparent  motions  of  the  planets  could  be  accounted  for 
by  supposing  each  planet  to  move  around  the  circumference  of  a 
circle  called  Hie  "  epkyele,"  while  the  centre  of  this  circle,  sometimes 
called  the  "fietitwus  planet"  itself  moved  on  the  circumference  of 
another  and  larger  circle  called  the  "deferent."  It  was  as  if  the 
real  planet  was  carried  on  the  end  tyt  a  crank-arm  which  turned 
around  the  fictitious  planet  as  a  centre,  in  such  a  way  as  to  point 
towards  or  from  the  earth  at  times  when  the  planet  is  in  line  with 
the  sun. 

In  the  case  of  the  superior  planets  the  revolution  in  the  epicycle  was 
made  once  a  year,  bo  that  the  "crank-arm"  was  always  parallel  to  the  Hue 
joining  earth  and  sun,  while  the  motion  around  the  deferent  occupied  what 
we  now  call  the  planet's  period.  Fig.  164  represents  the  Ptolemaic  System, 
except  that  no  attention  is  paid  to  dimensions,  the  "deferents"  being  Hpacr'd 
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at  equal  diatances.  It  will  be  noticed  that  the  epicycle-radii  which  carry  at 
their  extremitiea  the  planets  Mars,  Jnpit«r,  and  Saturn  are  all  always  parallel 
to  the  line  that  joina  the  earth  and  sun.  In  the  case  of  VeDiis  and  Mercury 
tJuB  was  not  so.  Ptolemy  supposed  that  the  deferent  circles  for  these  planets 
lay  beimten  the  earth  and  the  bud,  and  that  the  "fictitious  planet"  in  both 


'  """""^  \ 

\  \<ft:i 

"'~"\  \\ 

\<^-\^ 

T-             1       1 

~  y  / 

r  sSv 
''  /  / 

/ 

/ 

Fie.  IM.  — TlH  FUilsnuilc  SyaMm. 

cases  revolved  in  the  deferent  once  a  year,  always  keeping  exactly  between 
the  earth  and  the  sun :  the  motion  in  the  epicycle  in  this  case  was  completed 
in  the  time  of  the  planet's  period,  as  we  now  know  it  He  ought  to  have 
seen  that,  for  these  two  planet-s,  the  deferent  was  really  the  orbit  of  the 
Bun  itself,  as  the  aocieut  Egyptians  are  said  to  have  understood. 

601.  To  account  for  some  of  the  iiregularities  of  the  planets'  motions 
it  was  necessary  to  suppose  that  both  the  deferent  and  epicycle,  though 
circular,  are  eccentric,  the  earth  not  being  exactly  in  the  centre  of  the 
deferent,  nor  the  "fictitious  planet"  in  the  exact  centre  of  the  epicycle. 
In  after  times,  when  the  knowledge  of  the  planetary  motions  had  become 
more  accurate,  the  Arabian  astronomers  added  epicycle  upon  epicycle  until 
the  system  became  very  complicated.  King  Alphonso  of  Spain  is  said  to 
have  remarked  to  the  astronomers  who  presented  to  him  the  Alphonsine 
tables  of  the  [danetary  motions,  which  had  been  computed  under  his  orders, 
that  "  if  he  had  been  present  at  the  creation  he  would  have  given  some  good 
advice." 

602.  Some  of  the  ancient  astronomers  attempted  to  account  for  the  plaa- 

etary  and  stellar  motions  in  a  mechanical  way  by  means  of  what  were  called 
the  "crystalline  spherei."    The  planet  Jupiter,  for  instance,  was  supposed  to 
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be  Mt  like  a  jewel  on  the  sarface  of  a  small  globe  of  aomethuig  like  glass,  and 
this  itaelf  was  set  in  a  hollow  made  to  fit  it  ia  the  thick  shell  of  a  still  larger 
sphere  which  surrounded  the  earth.  Thus  the  planets  were  snpptMted  and 
cairied  by  the  motions  of  these  ioTisible  orystaUine  spheres;  bat  this  idea, 
tbough  preralent,  was  by  uo  means  nniversally  accepted. 

008.  Copomicaii  System. — Copernicoa  (147S-1648)  aaaerted  the 
diumal  rotation  of  the  earth  on  its  axis,  and  showed  that  it  would 
fhllj-  account  for  the  apparent  diurual  revolution  of  the  stars.  He 
also  showed  that  nearly  all  the  known  motions  of  the  planets  oould 
be  accounted  for  by  supposing  them  to  revolve  around  the  snn,  with 
the  earth  as  one  of  them,  in  orbits  circalar,  but  slightly  oat  of  centre. 
His  syatem,  as  he  left  it,  was  nearly  that  which  is  accepted  to-day, 
and  Fig.  159  may  be  taken  as  representing  it.  He  was,  however, 
obliged  to  retain  a  few  small  epicycles  to  account  for  certito  of  the 
irregularities. 

So  far,  no  one  dared  to  doubt  the  exact  circnlarity  of  celestJal 
orbits.  It  was  metaphysically  improper  that  heavenly  bodies  should 
move  in  any  but  perfect  curves,  and  the  circle  was  regarded  as  the 
only  perfect  one.  It  was  left  for  Kepler,  some  sixty-flve  years  later 
than  Copernicus,  to  show  that  the  planetary  orbits  are  elHptiaal,  and  to 
bring  the  system  substantially  into  the  form  in  which  we  know  it  now. 

5M.  Tyohonic  Bystem.  —  Tycho  Brahe,  who  came  between  Copernicus 
and  Kepler,  found  himself  unable  to  accept  the  Copemican  system  for  two 
reasons.  One  reason  was  that  it  was  unfavorably  regarded  by  the  clergy, 
aud  he  was  a  good  churchmaD,  The  other  was  the  scientific  objection  that 
if  the  earth  moved  around  the  sun,  tbe^fixed  stars  all  aught  to  appear  to  more 
in  a  corresponding  manner  (Art.  492),  each  star  deseribiug  annually  an  oval 
in  the  heavens  of  the  same  apparent  dimensions  as  the  earth's  orbit  itself, 
seen  from  the  star.  Technically  speaking,  they  ought  to  have  an  "tmnual 
parallax."  His  instruments  were  by  far  the  most  accurate  that  had  so  far 
been  made,  and  he  could  detect  no  such  parallax;  hence  ha  concluded,  not 
illagically,  but  incorrectly,  that  the  earth  roust  be  at  rest.  He  rejected  the 
Copemican  system,  placed  the  earth  at  the  centre  of  the  universe,  according 
to  the  then  received  interpretation  of  Scripture,  made  the  sun  revolve  around 
the  earth  once  a  year,  and  then  (this  was  the  peculiarity  of  his  syatem)  made 
all  the  plamete  except  the  earth  revolve  around  the  sun. 

This  theory  jnst  as  fully  accounts  for  all  the  motions  of  the  planets  as 
the  Copernican,  but  breaks  down  absolutely  when  it  encounters  the  aberra- 
tion of  light,  and  the  annual  parallax  of  the  stars,  which  we  can  now  detect 
with  our  modem  instruments,  although  Tycho  could  not  with  his.  The 
^chonic  system  never  was  generally  accepted;  the  Copemican  was  vei/ 
■oon  firmly  established  by  Kepler  and  Newton. 
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60S.  Elements  of  a  FUnet'i  Orbit.  —  These  are  certain  numerical 
quantities  which  describe  the  orbit  with  precision,  and  fumiah 
the  means  of  tinding  the  planet's  place  in  the  orbit  at  any  given 
time,  whether  past  or  future,  so  far  as  that  place  depends  upon  the 
attraction  of  the  sun  alone.  Those  usually  employed  are  seven  in 
number,  as  follows :  — 

1.  The  semi-mE^r  axis,  a. 

2.  The  eccentricity,  e. 

3.  The  inclination  to  the  ecliptic,  t. 

4.  The  longitude  of  the  ascending  node,  {}. 

5.  The  longitude  of  perihelion,  r. 

6.  The  epoch,  E. 

7.  The  period  P,  or  daily  motion  fx. 

006.  Of  these,  the  Grat  five  pertain  to  the  orbit  itself,  regarded  as 
an  ellipse  lying  in  space  with  one  focus  at  the  sun,  wliile  two  are 
necessary  to  determine  the  planet's  place  in  the  orbit. 

The  semi-major  axis,  a  {OA  in  Fig.  165),  definee  the  Size  of  the 
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orbit,  and  may  be  expressed  either  in  "astronomical  units"  (the 
earth's  mean  distance  from  the  sun  is  the  astronomical  unit)  or  in 
miles. 

The  Eccentricity  defines  the  orbit's  Form.    It  is  a  mere  numerical 
quantity,  being  the  fraction  -  (usually  expressed  decimally),  obtained 

by  dividing  the  distance  between  the  sun  and  the  centre  of  the  orbit 
by  the  semi-major  axis.  In  some  computations  it  is  convenient  to 
use,  instead  of  the  decimal  fraction  itself,  the  angle  ^  which  has  e  for 
iu  sine;  i.e.,  0=asin~'e. 
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The  third  elemeBt,  i,  ia  the  Inclination  between  the  plane  of  Uie 
planet's  orbit  and  that  of  the  earth.  In  tliu  figure  it  is  the  angle 
KNO,  the  plane  of  the  ecliptic  being  lettered  EKLM. 

The  fourth  element,  ^  {the  Longitude  of  the  ascending  node) , 
defines  what  has  been  called  the  ^^  aspect"  of  the  orbit-plane ;  i.e., 
the  direction  in  which  it  faces.  The  line  of  nodes  is  the  line  N2f'  in 
the  figure,  the  intersection  of  the  tno  planes  of  the  orbit  and  ecliptic ; 
and  the  angle  fSN  is  the  longitude  of  the  ascending  node,  the 
line  S'T  being  the  line  drawn  fiom  the  snc  to  the  first  of  Aries.  The 
pUnet,  moving  around  its  orbit  in  the  plane  ORBT,  and  in  tlie  direc- 
tion of  tlie  .irrow,  passes  from  the  lower  or  southern  side  of  the  plane 
of  the  ecliptic  to  the  northern  at  the  point  n,  which,  as  seen  from  S, 
is  in  the  same  direction  as  N. 

The  fifth,  and  last,  of  the  elements  which  belong  strictly  to  the 
orbit  itself  is  ir,  the  so-called  Longitude  of  the  perihelion,  which  de- 
fines the  direction  in  which  the  major  axis  of  the  elli|)se  (the  line  PA) 
lies  on  the  plane  ORBT.  It  is  not  strictly  a  longitude,  but  equals 
the  sum  of  the  two  angles  JJ  and  oi ;  t.e,,  fSN  (in  the  plane  of  the 
ecliptic)  +  N'iP  (in  the  plane  of  the  orbit  and  reckoned  in  the 
direction  of  the  planet's  motion).  NSP  exceeds  180°  in  the  figure. 
It  is  quite  sufficient  to  give  u  alone,  and  in  the  case  of  cometary 
orbits  this  is  usually  done. 

607.  If  we  regard  the  orbit  as  an  oval  wire  hoop  suspended 
in  space,  these  five  elements  completely  define  its  position,  form, 
and  size.  The  plane  of  the  orbit  is  fixed  by  the  elements  numbered 
three  and  four,  the  position  of  the  orbit  in  this  plane  by  number 
five,  the  form  of  it  by  nnmber  two,  and  finally  its  maiptiiude  by 
number  one. 

808.  To  determine  where  the  planet  will  be  at  any  subsequent 
date  we  need  two  more  elements. 

Sixth,  The  Periodic  Time,  —  we  must  ha.V€i  the  sidereal  period,  P, 
or  else  the  mean  daily  motion,  /i,  which  is  simply  360°  divided"  by 
the  number  of  days  in  P. 

Seventh.  And  finally;  we  must  have  a  starting-point,  the  "i^'"^^'-" 
so-called ;  i.e.,  the  longitude  of  the  planet  as  seen  from  the  sun,  at 
some  given  date,  usually  Jan.  lat,  1850  or  1900,  or  else  some  precise 
date  at  which  the  planet  passed  the  perihelion  or  node. 

609>  If  >t  were  not  for  perturbations  caused  by  the  mutual  interaction 
between  the  planets,  these  ulunients  woul<l  never  cliaiige,  and  could  be  used 
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directly  for  compnting  the  planet's  place  at  an;  dttte  in  the  past  or  in  the 
future ;  but,  excepting  a  and  P,  the;  do  change  on  account  of  such  interac- 
tion and  accordingly  it  ie  usual  to  add  in  tables  of  the  planetary  elements, 
columns  headed  AJ2,  Aa-t  ^i,  and  ^e,  giving  the  amoant  by  which  the 
quantities  £2)  *>  *•  ""^  *  lespectively  change  in  a  century. 

610>  If  Kepler's  harmonic  law  were  strictly  true,  we  should  not  need 
both  a  Bud  P,  becaose  we  should  have 

(Earth's  Period)' :  P»::  1»:  a»,  or  P  =  at, 
P  being  expressed  in  years  and  a  in  astronomical  units.    But  since  the  exact 
form  of  the  equation  is 

Pi'(l  +  m,) :  P,«(l  +  m,)  ;:  a,» :  a,'  (Art  417), 
it  is  necessary  to  regard  P  and  a  as  independent,  and  give  both  of  them. 

611.  Oeoeeatrio  Plue.  —  Our  otaervations  of  a  planet's  place  are 
necessarily  "geocentric,"  or  earth-centred ;  they  give  us,  when  prop- 
erly corrected  foi  refraction  and  parallax,  the  planet's  right  ascension 
and  deelination  as  seen  from  the  centre  of  the  earth,  and  from  them, 
if  desired,  the  corresponding  geocentric  longitude  and  latitude  are 
easily  obtained  by  the  method  explained  in  Article  180. 

611*.  Interpolatio&  of  OlMerrationa. — It  often  happens  that  ire 
want  the  place  at  some  moment  of  time  vhen  the  p^net  could  not 
be  directly  observed,  as,  for  instance,  in  the  day  time.  If  we  have 
a  series  of  observations  of  the  planet  made  about  that  time,  the  place 
for  the  exact  moment  is  readily  deduced  by  a  process  of  interpolation, 
and  with  an  accuracy  actually  exceeding  that  of  any  single  obserra- 
tion  of  the  series. 

Graphically  it  is  done  by  simply  plotting  the  observations  actually  made. 
Suppose,  for  instance,  we  want  the  right  ascension  of  Mars  for  8  a.m.  on 
June  3,  and  have  meridian-circle  observations  made  at  10  o'clock  p.m.  on 
June  1,  at  9"  55"  on  June  2,  at  B^  50"  on  June  3,  and  so  on.  We  first  lay 
off  the  times  of  observation  as  abscissas  along  a  horizontal  line  taken  as  the 
time-ecale,  and  then  lay  oS  the  observed  right  ascensions  as  ordinates  at 
points  corresponding  to  the  times.  Then  we  draw  a  smooth  curve  through 
.  the  points  so  determined,  and  from  this  curve  we  can  read  off  directly,  the 
right  ascension  corresponding  to  any  desired  moment.  The  declination  can 
be  treated  in  the  same  way.  Of  course,  what  can  be  done  gr^hically  can 
be  done  still  more  accurately  by  computation. 

61S.  HaliOBBntrio  Place. —  The  helioeentrio  place  of  a  planet  is  the 
place  as  seen  from  the  sun ;  and  when  we  know  the  longitude  of  the 
node  of  a  planet's  orbit  and  its  inclination,  as  well  as  the  planet's  di»- 
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tance  from  the  Ban,  this  heliocentric  place  oao  at  onoe  be  dedaced 
from  the  geocentric  by  a  trigonometrical  calculation.  The  process  is 
rather  tedious,  however,  and  ite  discuasion  lies  outside  tiie  scope  of 
this  work. 

(Tie  reader  is  referred  to  Watson's  "TheorBtical  Aatronomy,"  p.  86.  An 
elementary  geometrical  treatment  of  the  redootion  ia  also  given  in  Loomis'a 
"  Treatise  on  Astronomy,"  p.  211.) 

613.  Detenniitation  of  ths  Period  of  a  Planet.  —  This  can  be  done 
in  two  ways : 

First.  By  obfervation  of  its  node-paeaage.  When  the  planet  is 
passing  ita  node,  it  is  in  the  plane  of  the  ecliptic,  and  the  earth  being 
■I0O  always  in  that  plane,  the  planefs  latitude,  both  geocentric  and 
heliocentric,  will  be  zero,  no  matter  what  may  be  the  place  of  the  earth 
in  its  orbit.  (At  aoy  other  point  of  the  planet's  orbit  except  the  node 
its  apparent  latitude  would  not  be  thus  independent  of  the  earth's 
place,  bnt  would  vary  according  to  its  distance  from  the  earth.)  If, 
Uten,  we  observe  the  planet  at  two  successive  passages  of  the  same 
node,  the  interval  between  the  moments  when  the  latitude  becomes 
•ero  will  be  the  planet's  period,  —  exactly,  if  Qie  node  ia  stationary' ; 
very  approximaiely,  even  if  the  node  is  not  absolutely  stannary,  as 
none  of  the  nodes  actually  are. 

There  are  two  difficulties  with  this  method. 

(a)  In  the  case  of  Uranus  the  period  is  eighty-four  year^  and  in  that  of 
Neptune  164  years — too  long  to  wait. 

(ft)  Since  the  orbits  all  cross  the  ecliptic  at  a  very  small  angle,  so  that  the 
latitude  renifuns  near  zero  for  a  number  of  days,  it  is  extremely  difficult  to 
determine  the  precise  minute  and  second  when  it  ia  exactly  zero ;  and  slight 
errors  in  the  declinations  observed  will  produce  great  errors  in  the  result. 

614.  Second.  By  the  mean  synodic  period  of  the  planet.  The 
synodic  period  is  the  interval  between  two  successive  oppoeitioos  or 
oonJonclionB  of  the  planet,  the  opposition  being  the  moment  when 
the  planef  8  longitude  difFers  from  that  of  the  sun  by  180°. 

This  angle  between  the  planet  and  sun  cannot  well  be  measnred  directly, 
but  we  can  make  with  the  meridian  circle  a  series  of  observations  both  of 
the  planet's  right  ascension  and  declination  for  several  days  before  and  after 
the  date  of  opposition,  and  reduce  the  observations  to  latitude  and  longitude. 
The  sun  win  be  observed,  of  conrse,  at  noon,  and  the  planet  near  midnight ; 
bnt  from  the  solar  observations  we  can  deduce  the  longitudes  of  the  sun 
corresponding  to  the  exact  moments  when  the  planet  was  observed.  From 
the»  we  find  the  difference  of  longitude  between  the  planet  and  the  sun  at 
the  time  of  each  planetary  observation ;  and  finally  from  these  differeucea 
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of  lon^tode,  wb  find  the  precue  moment  when  that  difference  was  ^ootly 
18(P,  or  the  moment  of  opposition.  This  can  be  ascertained  within  a  rerj 
few  seconds  of  time  if  tiie  observations  are  good. 

Since  tiie  orbits  are  not  strictly  circular,  the  interval  between  two 
onccessire  observations  will  not  be  the  vtean  synodic  period,  but  only 
an  approximation  to  it ;  but  when  we  know  it  nearly,  we  can  compare 
oppositions  uany  years  apari:,  and  by  dividing  the  interval  by  the 
known  number  of  entire  aynodtc  periods  (which  is  easily  determined 
when  we  know  the  approximate  length  of  a  single  period)  we  get  the 
mean  ayuodio  period  very  closely,  —  especially  if  the  two  oppoeitions 
occur  at  about  the  same  time  of  the  year.  Having  the  synodic 
period,  the  true  sidereal  period  at  once  follows  from  the  equation 

1     l-i. 
P^E     S 

015.  To  find  the  DUtanoe  of  a  Planet  ia  Tenia  of  tba  Eaitii'E 
Siitaooe.  —  When  we  koowtiie  planet's  sidereal  period,  this  is  easily 
done  by  means  of  two  observations  of  the  planet's   '■^  elongatioH" 


TW.1M.— Detumlutloaof  Um  DUtuce  of 


taken  at  an  interval  equal  to  its  periodic  time.     The  "  elongation" 
«f  a  planet  is  the  difference  between  its  longitude  and  that  of  the 
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flun,  and  a  series  of  meridian-cirde  obBerrations  of  sun  aod  planet 
wiU  fumieh  tbese  differences  of  longitude  for  any  selected  moment 
included  within  the  term  of  observation. 

To  find  the  distance  of  the  planet  Mars,  for  inatanoe,  we  must 
therefore  have  two  observations  separated  b;  an  interval  of  687  days. 
Suppose  the  earth  to  have  been  at  A  (Fig.  166)  at  the  moment  of  the 
first  observation.  Then  at  the  time  of  the  second  observation  she 
will  be  at  the  point  0,  the  angle  ASC  being  that  which  the  earth 
will  describe  in  the  next  48(  days,  which  is  the  difference  between 
two  complete  years  (or  730^  days)  and  the  687-day  interval  between 
the  two  observations. 

The  angles  SCM  and  SAM  are  the  "  elongations"  of  the  planet 
from  the  sun,  and  are  given  directly  by  the  observations.  The  two 
sides  iS^  and  SC  are  also  given,  being  the  earth's  distance  from 
the  SQD  at  the  dates  of  observation.  Hence  we  can  easily  solve 
the  quadrilateral,  and  find  the  length  of  SM,  as  well  as  the  angle 
ASM. 

This  angle  determines  the  planet's  heliocentric  longitude  at  M,  since 
we  know  the  direction  of  SA,  the  longitude  of  the  eartti  at  the  time  of 
observation. 

The  student  can  follow  out  for  himself  the  process  by  whicli,  from  two 
elongations  of  Venus,  SA  V  and  SBV,  observed  at  an  interval  of  225  days, 
the  distance  of  Venus  from  the  sun  (or  SV)  can  be  obtained. 

fil6.  In  order  that  this  method  may  apply  with  strict  accuracy  it  is 
necessary  that  at  the  moment  of  observation  M  should  l>e  in  the  same 
plane  as  A,  S,  and  C  ;  that  is,  at  the  node.  If  it  is  not  so,  the  process  will 
give  as,  not  the  true  distance  of  the  planet 
itself  from  the  bud,  but  that  of  the  "pro- 
jection "  of  this  distance  on  the  plane  of 
the  ecliptic ',  Le.,  the  distance  from  the  sun 
to  the  point  m  (Fig.  167),  where  the  per-  . 
pendicular  from  the  planet  would  strike 
that  plane.    But  when  we  have  determined  j„_  u,^ 

Am  and  the  angle  mAM,  the  planet's  geo- 
centric latitude,  we  easily  compute  Mm;  and  from  Sm  and  Mm  we  get  the 
true  distance  SM  and  the  heliocentric  latitude  of  the  planet  MSm. 

617.  From  a  series  of  pairs  of  observations  distributed  around 
the  planet's  orbit  it  would  evidently  be  possible  to  work  out  the 
orbit  completely.  It  was  in  this  way  that  Kepler  showed  that  the 
orlntB  of  the  planets  are  ellipses,  and  deduced  their  distances  from 
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the  Bun ;  aod  his  thtid,  or  harmonio  law,  was  then  diBCOvered  simid; 
by  makiug  a  compariaon  between  the  diatanoes  thus  found  and  the 
corresponding  periods. 

S18.  Xean  SutsiiM  of  an  Inferior  Planet  by  Keans  of  Obwm- 
tioiu  of  its  Oreatest  Ehmfratuui.  —  By  observing  from  the  earth  the 
greatest  elongatioD  SEV  (F%. 
168)  of  one  of  the  inferior  planets, 
its  distaoce  from  the  sun  can  very 
easily  be  deduced  if  we  regard  the 
orbit  as  a  circle ;  for  the  triangle 
Sr&will  be  right-angled  at  V,  and 
SV=SBy.e,\a8EV. 

In  the  c»ea  of  Tenua  the  orbit  is 
BO  nearly  circular  t^at  the  method 
answers  very  well,  the  greatest  elonga- 
DbUD«  of  u  Inferior  Plinetdatormlnadbj'  tion  "6™""  differing  muoh  from  47°. 
ObHmilou  of  lu  Oiuicat  £loiigii(loD.  Mercury's  orbit  is  so  eccentric  that  Ihe 
distance  thus  obtained  from  a  single 
elongation  might  be  very  wide  of  the  true  mean  distance.  Since  the  great- 
est elongation,  SEM,  raries  all  the  way  from  18°  to  28°,  it  would  be  neces- 
sary to  observe  a  great  many  elongations,  and  take  the  average  result. 

619.  Dedaction  of  th«  Orbit  of  a  Planet  from  Three  ObservstUmi. 
—  When  one  has  command  of  a  great  number  of  obaen-ations  of  a 
planet  running  back  many  years,  and  can  select  such  as  are  conven* 
lent  for  his  purpose,  as  Kepler  could  from  Tycho's  records,  it  is 
comparatively  easy  to  find  die  elements  of  a  planef  s  orbit ;  but  when 
a  new  planet  is  discovered,  the  case  is  difFerent.  The  problem  first 
arose  practically  in  1801,  when  Ceres,  the  first  of  the  asteroids,  was 
discovered  by  Piazzi  in  Sicily,  observed  for  a  few  weeks  and  tiien 
lost  in  the  sun's  rays  at  conjunction,  before  other  astronomers  could 
be  notified  of  the  discovery,  in  those  days  of  slow  commnuication, 
made  slower  and  more  uncertain  by  war. 

GauBS,  then  a  young  man  at  Gfittingen,  attacked  the  problem,  and 
invented  the  method  which,  with  slight  modifications,  is  now  univer- 
sally used  in  such  cases. 

We  do  not  propose  to  enter  into  details,  but  simply  say  that  three  ab- 
solutely  accurate  observations  ofaplanel^s  right  ascension  and  d^itiation 
are  ordinarily  sufficient  to  determine  its  orbit.  Three  observations, 
made  only  as  accurately  as  is  now  possible,  with  intervals  of  two  or 
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tfiree  weeks  between  tbenii  will  give  ft  very  gdod  approaxmaiMn  to 
the  orbit ;  and  it  can  then  be  corrected  b;  further  observatioDB. 


520.  "  Since  there  are  five  independent  TAriablesHn  the  general  equation 
(in  space)  of  a  conio  having  a  giren  focus  —  tlie  aim  —  it  is  necesaat;  to 
have  five  conditions  in  order  to  determine  tlieni.  Three  are  giren  by  the 
observations  themselves;  viz.,  the  directions  of  the  >ody  as  seen  from  the 
earth  at  three  given  inBtants;  a  fourth  is  snppliecU  by  the  'law  of  equal 
areas,'  Binee  the  sectors  included  between  the  three  radii  vectores  must  be 
proportional  to  the  elapsed  times ;  finally,  the  fifth  is  4nposed  by  the  require- 
ment that  the  changes  in  the  speed  of  the  body  must  correspond  to  the  vari- 
ations in  the  length  of  the  radius  vector,  in  acconnnce  with  the  known 
intensity  of  the  snu's  attraction."  1 

(Tlie  student  is  referred  to  Gauss's  "Theoria  Mi^tus,"  or  to  Watson'k 
"  Theoretical  Astronomy,"  or  to  0[^lzer*s  great  work'  on  ■*  The  Determina- 
lion  of  Orbits,"  for  the  fnll  development  of  the  subject  ) 

521.  Planetary  Futarbatiaiu.  — The  attractjc  .  of  the  planets  for 
each  other  disturbs  their  otherwise  elliptical  moti<  i  around  the  sun. 
As  in  the  caee  of  the  lunar  theory  the  disturbiog  :  irces  are,  however, 
always  relatively  small,  but  not  for  the  same  t  ason.  The  sun's 
disturbing  force  is  small  because  its  distance  Jrom  he  moon  ie  nearly 
four  hundred  tiToea  that  of  the  earth.  In  the  planetary  theoi^  the 
disturbing  bodies  are  often  nearer  to  the  disturbed  than  is  the  sun 
itflelf,  as,  for  instance,  in  the  diaturbanoe  of  Saturn  by  Jupiter  at 
certain  points  of  their  orbits ;  but  the  mass  of  the  disturbing  body  jn 
no  cage  is  as  great  as  j^^  part  of  the  sun's  mass,  and  for  this  reason 
the  disturbing  force  arising  from  planetarj'  attraction  is  never  more 
than  a  small  fraction  of  the  snn's  atbaction. 

The  greatest  disturbing  force  which  occurs  in  the  planetary  system 
(except  in  the  case  of  some  of  the  asteroids)  is  tltat  of  Jnpiter  on  Saturn 
at  the  time  when  the  planets  are  nearest :  it  then  amounts  to  y^r  of  the 
son's  attraction.  When  these  two  planets  are  most  remote  from  each  other, 
it  amounts  to  j^j.  There  b  no  otiier  case  where  the  disturbing  force  is  as 
moch  as  -y^  of  the  sun's  attraction  (again  excepting  the  asteroids  disturbed 
by  Jupiter). 

522.  In  any  special  case  the  disturbing  force  can  be  wonked  oat 
on  precisely  the  same  principles  that  lie  at  the  foundation  of  the 
diagram  by  which  the  sun's  disturbing  force  npon  the  moon  irae 
found  (Art.  441,  Fig.  147)  ;  but  the  resulting  diagram  will  looli 
very  different,  because  the  disturbing  body  is  relatively  very  near 
the  disturbed  orbit. 
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The  planetary  perturbations  which  result  from  the  "  integration  " 
of  the  effects  of  the  disturbing  forces,  i.e.,  from  their  continual  action 
through  long  intervals  of  time,  divide  themaelves  into  two  great 
classes,  —  the  Periodic  aud  the  Seetilar. 

523.  Fetiodlo  Fertnrhationa.  —  These  are  such  as  depend  on  the 
positions  of  the  planets  in  their  orbits,  and  usually  run  through  tlieir 
course  id  a  feiv  revolutions  of  the  planets  concerned.  For  the  most 
part  they  are  very  small.  Those  of  Mercury  never  amount  to  more 
than  15",  as  seen  from  the  sun.  Those  of  Venus  may  reach  about 
30",  those  of  the  earth  about  1',  and  those  of  Mars  aWut  2'.  The 
mutual  disturbances  between  Jupiter  and  Saturn  are  much  larger, 
amounting  respectively  to  28'  and  48' ;  while  those  of  Uranus  are 
again  small,  never  exceeding  3',  and  those  of  Neptune  are  not  more 
than  lialf  as  great  as  that.  In  the  case  of  the  asteroids,  which  are 
powerfully  disturbed  by  Jupiter,  the  periodical  perturbations  are 
enormous,  sometimes  as  much  as  6°  or  6°. 

624.  Long  Ineqn&litiet.  —  The  periodic  inequalities  of  the  planets  are 
BO  small,  because,  as  a  rule,  there  ia  a  nearly  complete  compensation  effected 
at  every  few  revolutions,  so  that  the  accelerations  balance  the  retardations. 
The  line  of  conjunction  falls  at  random  in  different  parts  of  the  orbits,  and 
when  this  is  the  case,  no  considerable  displacement  of  either  planet  can 
take  place.  But  when  the  periodic  times  of  two  planets  are  nearly  com- 
mensurable,  their  line  of  conjunction  will  fall  very  near  the  same  place  in 
the  two  orbits  for  a  considerable  number  of  years,  and  the  small  unbalanced 
disturbance  left  over  at  each  conjunction  will  then  accumulate  in  the  same 
direction  for  a,  long  time.  Thus,  five  revoltitions  of  Jupiter  roughly  equal 
two  of  Saturn ;  and  still  more  nearly,  seventy-seven  of  Jupiter  equal  thirty- 
one  of  Saturn,  iii  a  period  of  013  years.  From  this  comes  the  so-called 
"long  inequaliii/"  oi  Jupiter  and  Saturn,  amounting  to  28'  in  the  place  of 
Jupiter  and  48'  in  that  of  Saturn,  and  requiring  more  than  900  years  to 
complete  its  cycle.  Between  Uranus  and  Neptune  there  is  a  large  inequality 
with  a  period  of  over  4000  years. 

Ill  the  case  of  the  earth  and  Venus  there  is  a  similar  '■  long  inequality" 
with  a  period  of  335  years,  amounting,  however,  to  less  thau  3"  in  the 
positions  of  either  of  the  planets. 

525.  Secular  IneqnalitieB.  —  These  are  inequalities  which  depend 
not  on  the  position  of  the  planets  in  their  orbits,  but  on  l/ie  re/atioe 
position  of  the  orbits  themselves,  with  reference  to  each  other,  — -  the 
way,  for  instance,  in  whicli  the  lifies  of  nodes  and  apsides  of  two 
neigliboring  orbits  He  with  reference  to  each  other.  Since  the  plane- 
tary orbits  change  their  positions  very  slowly,  these  perturbations. 
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altfaough  in  the  strict  seiiBe  of  the  word  periodic  oIbo,  are  very  bIow 
and  raajeetic  iu  their  march,  and  the  periods  involved  are  such  as 
stagger  the  imagination.  Ttiey  are  reckoned  ia  myriads  and  hun- 
dreds of  thoDBande  of  years.  From  year  to  year  they  are  insignifi- 
cant,  but  with  the  lapee  of  time  become  important. 

526.  Sscnlar  Coiutaiicy  of  the  Feriodi  and  Hean  Siatanoea. — 
It  is  a  remarkable  fact,  demonstrated  by  Lagrange  and  La  Place 
about  100  yearB  ago,  that  (Ae  mean  diatancea  and  periods  are  ch- 
tirely  free  from  ail  such  secular  diaturbance.  They  are  subject  to 
slight  periodic  inequalities  having  periods  of  a  few  years,  or  even 
a  few  hundred  years;  but  in  the  long  run  the  two  elements  never 
change.  They  sufter  no  perturbatioQB  which  depend  on  the  position 
of  the  orbits  themselves,  but  only  such  as  dei>end  on  the  positions 
ol  the  planets  in  their  orbits. 

527.  Serolutioii  of  tlie  Kodes  and  Apeidea.  —  The  nodes  and  peri- 
helia, on  the  other  hand,  move  on  contiuuouBly.  The  lines  of  apsides 
of  all  the  planets  (Venus  alone  excepted)  advance,  and  the  nodes  of 
all  without  exception  (except  possibly  some  of  the  asteroids),  regress 
on  the  ecliptic. 

The  quickest  moving  line  of  apsides  —  that  of  Saturn's  orbit  —  completes 
ite  revolution  in  6T,IXN)  yeara,  while  that  of  Neptune  requires  540,000.  The 
swiftest  line  of  nodes  is  that  of  Uraims,  which  completes  its  circuit  in  less 
than  37,000  years,  while  the  slowest  —  that  of  Mercury  —  requires  166,000 

528.  The  InolinationB  of  the  Orbits.  — These  are  all  slowly  chang- 
ing—  some  increa^iiug,  and  others  decreasing;  but  as  La  Place  and 
Leverrier  have  shown,  all  the  changes  are  confined  within  narrow 
limits  for  all  the  larger  planets  :  they  oscillate  (though  not  in 
regular  periods),  but  the  oscillations  are  never  extensive. 

It  is  not  certain  that  this  is  bo  with  the  asteroids,  some  of  which  have 
iiicliiiatioiiB  to  the  ecliptic  of  25°  and  30°  :  it  is  possible  that  some  of  these 
inclinations  may  change  by  a  very  considerable  amount. 

529.  The  Eocentrioitiea.  —  These  also  are  slowly  changing  In  the 
fame  way  as  the  inclinations,  some  increasing  and  some  decreasing; 
and  their  changes  also  are  closely  restricted.  The  periods  of  the 
alternate  increase  and  decrease  are  always  many  thousand  years  in 
length  but,  as  in  the  case  of  the  eccentricities,  they  are  very  irregular : 
there  is  no  isochronous,  pendulum-like  swing  such  as  many  have 
imagined. 
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The  asteroids  are  again  to  be  excepted ;  the  eccentricities  of  their  orbits 
may  change  considerably. 

630.  Stability  of  tlie  FUnetary  SyBtem.  —  About  the  end  of  the 
eighteenth  ceutury  La  Place  «id  Lagrange  succeeded  in  proving  that 
the  mvtuat  attraction  of  the  ptaneta  could  never  destroy  the  system, 
nor  even  change  the  elements  of  the  orbit  of  any  one  of  the  lai^r 
planets  to  an  extent  which  would  greatly  alter  its  physical  condition. 

The  nodes  and  apsides  revolve  continuously,  it  is  true,  but  tbat 
change  is  of  no  importance.  The  distances  from  the  aun  and  the 
periods  do  not  change  at  all  in  the  long  ruu ;  while  the  inclinations 
and  eccentricitlea,  as  has  just  been  said,  confine  their  variations 
within  narrow  limits. 

631.  Tba  "LiTariable  Plane"  of  the  Solar  System.  —  There  !a 

BO  reason,  except  the  fact  that  tee  live  on  the  earth,  for  taking  the  plane  of 
the  earCh't  orbit  (the  plane  of  the  ecliptic)  aa  the  fundamental  plane  of  the 
solar  system.  There  is,  however,  in  the  .system  an  "invariabla  plane,"  the 
position  of  which  remuns  forever  unchanged  by  any  mctual  action  among 
the  planets,  as  was  discovered  by  La  Place  in  1784.  This  plane  is  defined 
by  the  following  conditions,  —  that  if  from  all  the  planeli  perpendieulan  be 
drawn  to  it  {i.e.,  to  speak  technically,  if  the  planets  be  "  projected  "  upon  it), 
cmd  then  if  me  multiply  each  planefs  man  by  the  area  lehieh  the  planel't  pro- 
jected radius  vector  describes  upon  this  plane  in  a  unit  of  lime,  the  ram  of  these 
products  will  be  a  maximum.  The  ecliptic  is  inclined  about  2°  to  this 
invariable  plana,  and  has  its  ascending  node  nearly  in  longitude  286°. 

ff32.  La  Place's  Equations  for  the  Inolinatums  and  Eooentiiot 
ties.  —  La  Place  demonstrated  tlie  two  following  equations,  viz. : 

0)  5(mVix<»)  =  C.  (2)  SCmv^Xtan'O^C. 

Equation  (1)  may  be  thus  translated :  Multiply  the  mass  of  each  planet  By  the 
square  root  of  the  semi-major  axis  of  its  orbit,  and  by  the  square  of  its  eccen- 
tricity ;  add  these  products  for  all  the  planets,  and  the  sum  will  be  a  conttanl 
quantity  C,  which  is  very  small.  It  fallows'  that  no  eccentricity  can  become  - 
very  large,  since  e*  in  the  equation  is  estentialli/  positive:  there  can  therefore 
be  no  counterbalancing  of  positive  and  negative  eccentricities;  and  if  the 
eccentricity  of  one  planet  increases,  that  of  some  other  planet  or  planets 
must  correspondingly  decrease. 

The  second  equation  is  the  same,  merely  substituting  tao'i  for  e*,  i  being 
the  inclination  of  the  planefs  orbit  to  the  invariable  plane. 

The  constant  in  this  case  also  b  small,  though  of  course  not  the  same 
as  in  the  preceding  equation. 
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S33.  Work  of  FoinAarri.  —  This  has  recently  given  a  nev  aspect 
to  the  question  of  the  stability  of  the  system.  Foinoar^  has  shown 
that  the  assumptions  as  to  the  convergence  of  the  series  used  in  pre- 
vious calculations  are  nnwarranted,  and  that  therefore  the  conclu- 
sions reached  are  unsound.  It  is  no  longer  absolutely  certain  that 
gravitational  perturhations  may  not  ultimately  prove  destructive  in 
some  remote  future.  There  are  also  other  conceivable  destructiTe 
forces, — the  action  of  a  resisting  medium,  for  instance,  or  the 
entrance  into  the  system  of  great  bodies  from  outer  space. 


EXKKCISBS  OS  Ghaftbb  XIV. 

'  1.  What  is  the  mean  daily  gain  of  the  earth  on  Man  as  seen  from  the 
son,  i-e.,  the  synodio  motion  of  Mars,  assuming  their  sidereal  periods  as 
865.25  days  for  the  earth,  and  687  days  for  Mars. 

'-  2.  Find  the  synodic  period  of  Venus,  her  sidereal  period  being  226  days. 
(See  Art.  4B0.) 

3.  Given  the  synodic  period  of  a  planet  as  three  yean,  what  ia  its 
Mdereal  period?  (  Threfrquartera  of  a  year,  or 

(  One  and  a  half  years. 

-  4.  Given  a  synodic  period  of  foor  years,  find  the  sidereal  period. 
-   S.  What  would  be  the  sideretd  period  of  a  planet  which  had  its  synodic 
period  eqnal  to  the  sidereal  7  j^,  Two  years. 

6.  Within  what  limits  of  distance  from  the  sun  most  lie  all  planets 
having  synodic  periods  longer  than  two  yearsV  (Apply  Kepler's  third  law 
after  finding  the  sidereal  periods  that  woold  give  a  synodic  period  of  two 
yoats-)  (  0.768  Astron.  nnita,  or    70885000  miles,  and 

"'■■il.588      "  "       "  U7 600000  miles. 

7.  A  brilliant  starlike  object  was  seen  about  7  p.  m.ou  April  1  exactly  at 
the  east  point  of  the  horizon.  Conld  it  have  been  a  real  star  or  one  of  the 
planets  ?    If  not,  why  not  ? 

''  8.  Mercory  was  at  inferior  conjnnction  on  Feb.  8,  1890,  at  1  p.m.  On 
Uay  6,  at  fifteen  minutes  after  noon  (exactly  one  sidereal  period  later), 
its  elongation  from  the  sun  was  observed  to  be  18°  60'  East.  Find  the 
distance  of  the  planet  from  the  sun  at  that  time  in  Astron.  units,  the  earth's 
orbit  being  regarded  as  circular.     (See  Art.  516.) 

Tlw  tict  that  tha  Ont  obtemtlon  ml  ouda  at  aanJnnBtloii  grntlr  limplUIei  Um  mI- 

.       <  Distance  from  the  sun  =  0.385  Astron.  nnita. 
'  (  The  planet  was  near  periheUon. 
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CHAPTER  XV. 

THE  PLANETS :  METHODS  OF  FINDING  THEaK  DIAMETERS, 
MASSBS,  KTC. THE  "  TERR  EST  RIAL,  PLANETS  "  AND  ASTER- 
OIDS. —  INTRA-MERCURIAL  PLANETS  AND  THE  ZODIACAL 
LIGHT. 

In  discussing  the  individual  peculiarities  of  tbe  planets,  we  have 
to  consider  a  multitude  of  different  data ;  for  instance,  their  diameten, 
their  masses,  and  densities,  their  axial  rotation,  their  aurface-jnarkings, 
their  reflecting  power  or  "albedo,"  and  their  satellite  systems. 

S34.  Diameter.  —  The  apparent  diameter  of  a  planet  is  ascertained 
by  measurement  with  some  kind  of  micrometer  (Art.  73).  For  this 
purpose  the  "double-image"  micrometer  has  an  advant^e  over  the 
wire  micrometer  because  of  the  effect  of  irradiation,  and  by  the  fact 
that  in  measuring,  the  observer's  attention  is  concentrated  upon  a 
single  point  instead  of  being  directed  to  two. 

When  we  bring  two  wires  to  touch  the  two  limbB  of  the  planet,  Fig.  169, 
a,  the  bright  image  of  the  planet 

-,,''•' — X      ^  always  measured  too  large,  be- 

f  \l         \    cause  every  bright  object  appears 


e- 


\  A  )    somewhat  extended  by  its  physi- 


ological action  upon  the  retina  of 
"«■  iw-  the  eye.    This  is  known  as  irradi- 

Hicrometer  Meuures  of  a  Planet's  DIamster.  ttiion  —  well  exemplified  at  the 
time  of  new  moon,  when  the  bright 
crescent  appears  to  be  much  larger  than  the  "  old  moon  "  faintly  visible  by 
earth-shine.  With  smftll  instruments  this  error  is  often  considerable,  but  it 
may  be  reduced  to  some  extent  by  using  a  sufficiently  bright  illuminatiou  of 
the  field  of  view. 

With  the  double-image  micrometer,  the  observer  in  measuring  has  to 
bring  in  contact  two  discs  of  equal  brightness,  as  in  Fig.  169,  b  ;  and  in  this 
case  the  irradiation  almost  vanishes  at  the  point  of  contact. 

The  diameter  thus  measured  is,  of  course,  only  the  apparent  diam- 
eter, to  be  expressed  in  seconds  of  arc,  and  varies  with  every  change 
of  distance.     To  get  the  real  diameter  in  linear  units,  we  have 

Eeal  diameter  =- 
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In  whicb  A  is  the  dietHnce  of  the  planet  from  the  eai-tb,  and  7>"  the 
diameter  in  seconds  of  arc.  If  A  U  given  only  in  astronomical  units, 
the  diameter  comes  out,  of  course,  in  terms  of  that  uoit.  To  get 
the  diameter  in  miles,  we  must  multiply  by  the  value  of  this  unit  in 
miles  ;  that  is,  by  the  sun's  distance  from  the  earth. 

630.  Extent  of  Surface  and  Yolnme.  —  Having  the  diameter,  the 
Kir/ace,  of  course,  is  proportional  to  its  square,  and  is  equal  to  the 

earth's  surface  multiplied  by  ('\  in  which  t  is  the  semi-diameter  of 

the  planet  and  p  that  of  the  earth. 

The  voluTne  equals  ( - }  in  terms  of  the  earth's  volume.  (The  stu- 
dent must  be  on  bis  guard  against  confounding  the  volume  or  bnlk  of 
a  planet  with  its  mass.) 

The  nearer  the  planet,  other  things  being  equal,  the  more  accurately 
the  above  data  can  be  determined.  The  error  of  0".l  in  measuring 
the  apparent  diameter  of  Venus,  when  nearest,  counts  for  less  than 
thirteen  miles  in  the  real  diameter  of  the  planet;  while  in  Neptuue's 
case  it  would  correspond  to  more  than  1300  miles.  The  student 
must  not  be  suiprised,  therefore,  at  finding  considerable  discrepan- 
cies in  the  data  given  for  (iie  remoter  planets  by  different  authorities. 

536.  Kaaa  of  a  Pluiet  vhioh  has  a  Satellite.  — In  this  case  its 
mass  is  easily  and  accurately  found  by  observing  the  period  aod 
distance  of  the  satellite.    We  have  the  fundamental  equation 


(M+  m) : 


=(^)(?> 


in  whidi  JV  is  the  mass  of  the  planet,  m  that  of  its  satellite,  r  the 
radius  of  the  orbit  of  the  satellite,  and  t  its  period. 

The  formula  is  derived  as  follows :  From  the  law  of  gravitation  the  accel- 
arating  force  which  acts  on  the  satellite  is  given  by  the  equation 

(Art.  417),  hi  which  3f  ia  the  mass  of  the  planet  and  m  that  of  the  sol«llite. 
From  the  law  of  ciivular  motion  (Art.  411,  Eq.  b)  we  have 
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whence  (equating  the  two  vtJues  of/)  we  have 

Jtf+M 


This  demonstnttion  is  striotl;  good  onlj  for  circular  orbits )  Irat  tiie  eqnatlaii 
is  equally  true,  and  can  be  proved,  for  elliptioal  orbits,  if  for  r  we  put  a,  tha 
■emi-major  axis  of  the  satellite's  orbit. 

For  many  purposes  a  proportion  la  more  convenient  than  this  eqaa- 
tiaa,  since  the  equation  requires  that  M,  m,  r,  and  t  be  ezpreaaed  In 
properly  chosen  units  in  order  that  it  may  be  numerically  true.  Con- 
verting the  equation  into  a  proportion,  we  have 


(Jf+m);(Jf,  +  «,)-^i  a*; 
~     h 


or,  In  wtH^B,  the  vnited  maaa  of  a  body  and  tt»  mtellile  ietoths  united 
ftuus  of  a  aeamd  body  and  its  aateBite  aa  the  cube  of  th^  diatance  of 
the  first  aaleUOe  divided  by  Ute  aguare  of  ita  period  is  to  the  cubeof  the 
distance  of  the  second  satellite  divided  by  the  square  of  its  period.  This 
enables  na  at  once  to  compare  the  masses  of  any  two  bodies  vhtch 
have  attendants  revolving  around  tJiem. 

The  mass  of  the  moon  is  so  considerable  aa  compared  wlUi  that 
of  the  earth  (abont  ^)  that  it  will  not  do  to  neglect  it ;  bat  in  all 
other  cases  the  satellite  Is  less  than  y^  of  the  mass  of  its  primary, 
and  need  not  be  taken  into  aocount. 

S37.  Examples.  —  (1)  Required  the  mass  of  the  ran  conqiared  with 
ttai  of  the  earth.     The  proportion  ia 

(.+^,  „«.,»„.,. e»9^:»'. 

The  quantities  in  the  last  term  of  the  proportion  are  of  course  the  dlBtanee 
and  period  of  tht  moon!  and  it  is  to  be  remembered  that  for  the  period  of 
the  moon  we  must  uee,  not  the  actacU  sidereal  period,  bnt  the  period  at  U 
loould  bsif  Os  moon's  motion  wen  undisltried,  —  a  period  about  an  hour 
shorter. 

(2)  Compare  the  mass  of  the  earth  with  that  of  Jupiter,  whose  fourth 
sateUitflhas  aperiodof  10}dayB,andadiatanceofl,167,000inilBs.  We  have 
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which  gives  the  masa  of  Jupiter  about  316  times  as  great  as  that  of  the  earth 
aud  moon  togetiier,  or  318  times  the  mass  of  the  earth  alone. 

638.     It  is  caetomary  to  express  the  mass  of  a  planet  «a  a  oertain 
fraction  of  the  aan's  mass,  and  the  proportion  is  simply 


irhence  nanef  b  mass  =  Sun's  masa 


<^'<T)'- 


where  T  and  R  are  the  planers  period  and  distance  from  the  son.  SlncQ 
B  and  r  can  both  "be  detennined  in  astronomical  unite  without  any 
necessity  for  knowing  the  length  of  that  nnit  in  miles,  the  masses  of 
the  planets  in  terms  of  the  sun's  mass  are  independent  of  any  knowl- 
edge of  the  solar  parallax.  But  to  compare  them  with  the  earth,  we 
mast  know  this  parallax,  since  the  moon's  distanoe  from  the  earth, 
which  enters  into  the  equations,  is  found  by  observation  in  mUes  or 
in  radii  of  the  earth,  and  not  in  astronomical  units. 

In  order  to  make  use  of  the  satellites  for  this  purpose  we  must 
determine  by  micrometrical  observations  liieir  diatancos  Ctom  the 
planets  and  their  periods. 

639.  Mau  of  a  Planet  whioh  'hsM  no  Satellite.  —  When  a  planet 
has  not  a  satellite,  the  determination  of  its  mass  is  a  very  difflcult  and 
troublesome  problem,  and  can  be  solved  only  by  finding  some  pertur- 
bation produced  by  the  planet,  and  then  ascertsiniug,  by  a  sort  of 
"  trial  and  ciTOr"  method,  the  mass  which  would  produce  that  pertur* 
batiun.  Venus  disturbs  the  earth  aud  Mercury,  and  from  these  per* 
turbations  her  mass  is  ascertained.  Mercury  disturbs  Venus,  and 
also  one  oi  two  cometfi  which  come  near  him,  and  in  tills  way  we  get 
a  rather  rough  determination  of  his  mass. 

640.  Density.  —  The  density  of  a  body  as  compared  with  the 
earth  is  determined  simply  by  dividing  ite  mass  by  its  volume ;  i.e.. 


■©•■ 


'  For  example,  Jupiter's  diameier  is  about  eleven  times  that  of  the  earth 
(i.e.  f  '  J=  11),  Bo  that  hiarn/ume  is  11*.  or  1331  times  the  earth's.  His  maa», 
derived  from  satellite  observations,  is  about  31S  times  the  earth's.     The 
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deniily,  therefore,  equals  yVg'y,  or  about  0.24,  of  the  earth's  density,  or  abont 
1^  times  that  of  water,  the  earth's  density  being  5.S8  (Art  171). 

541.  The  Sarf&oe  Ormvity.  —  The  force  of  gravity  on  a  plajiet's 
surfaceascomparedwith  that  on  the  surface  of  the  earth  is  important 
in  giving  us  an  idea  of  its  physical  condition.  If  »•  is  the  radius  of 
the  planet  in  terms  of  the  earth's  radius,  tbeo 

Surface  gravity,  or  y,  =  -t-t-"'  =  "7~\ » ^  (  "  V 

(0    (0    ^'^ 

i.e.,  it  equals  the  planet's  dowity,  multiplied  by  its  diameter  expressed 
in  terms  of  the  earth's  diameter. 

For  Jupiter,  therefore,  y  =  ;|^j  =  11  x  density  =  11  x  0.24  =  2.64  nearly. 

That  is,  a  body  at  Jupiter  would  we%h  2.S  times  as  much  as  at  the  earth's 
surface. 

542.  The  Planet's  Oblatflneaa. — The  "oblateness"  or  "polar- 
compression"  is  the  difference  between  the  equatorial  and  polar 
diameters  divided  by  the  equatorial  diameter.  It  is,  of  course, 
determined,  when  it  is  possible  to  determine  it  at  all,  simply  by 
micrometric  meaaurements  of  the  difference  between  the  greatest 
and  least  diameters.  The  quantity  is  always  very  small  and  the 
observations  delicate. 

643.  The  Time  of  Botstion,  when  it  can  be  determined,  is  found 
by  observing  the  passage  of  some  spot  visible  in  the  telescope  across 
the  central  line  of  the  planet's  disc.  In  reducing  the  observations 
they  must  be  corrected  for  changes  in  the  planet's  direction  from  the 
earth,  and  also  for  variations  of  distance  which  affect  the  time  in 
which  light  reaches  us.  In  some  cases  the  rotation  period  has  been  de- 
termined by  observation  of  regular  changes  in  the  planet's  brightness. 

644.  The  loolination  of  the  Axis  is  deduced  from  the  same  obser. 
vations  which  are  used  in  obtaining  the  rotation-period.  It  is  neces- 
sary to  determine  with  the  micrometer  the  paths  described  by  differ- 
ent spots  as  they  move  across  the  planet's  disc.  It  is  possible  to 
ascertain  it  with  accuracy  for  only  a  very  few  of  the  planets  :  Mars, 
Jupiter,  and  Saturn  are  the  only  ones  that  furnish  the  needed  data. 

646.  The  Surface  Peonliaritiea  and  Topography  of  the  surface 
are  studied  by  the  telescope.     The  observer  mates  drawings  of  any 
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markiogs  which  he  may  see,  and  by  their  comparison  is  at  last  able 
to  discrimiaate  between  what  is  temporary  and  what  is  permanent  on 
the  planet.'  Mara  aloDe,  ttiua  far,  permits  us  to  make  a  map  of  its 
surface. 

546.  SpeotroKopio  Peonliaritiei  and  Albedo.  —  The  character- 
iatics  of  the  planet's  atmosphere  can  be  to  some  extent  studied  by 
means  of  the  epectroscope,  which  in  eome  few  cases  shows  the  pres- 
ence of  water-vapor  and  other  absorbing  media,  by  dark  bands  in 
the  planet's  spectrum.  The  "albedo,"  or  reflecting  power  of  a 
planet's  surface  is  determined  by  photometric  observations,  com- 
paring it  with  a  real  or  artificial  star,  or  with  some  other  planet. 

M7.  The  Satellits  System  of  a  Planet.  —  The  principal  data  to  be 
ascertained  are  the  distances  and  periods  of  the  satellites,  and  the 
observations  are  made  by  measuring  the  apparent  distances  and 
directions  of  the  satellites  from  the  centre  of  the  planet  with  the  wire 
micrometer  (Art.  73).  Observations  made  at  the  times  when  the 
satellite  is  near  its  elongation  are  especially  valuable  in  determining 
the  distance. 

If  the  planet  and  earth  were  at  rest,  the  aatellite's  path  would  appear  to 
be  an  ellipse,  unaltered  in  dimensions  during  the  whole  series  of  observa- 
tions; but  since  the  earth  nud  planet  are  both  moviug,  it  becomes  a  compli- 
cated problem  to  detenmne  the  satellite's  true  orbit  from  the  ensemUs  of 
observations. 

548.  With  the  exception  of  the  moon  and  the  eighth  satellite  of  Saturn, 
most  of  the  satellites  of  the  planetary  system  move  nearly  in  the  plane  of 
the  equator  of  the  primary ;  and  all  but  the  moon  and  the  outer  satellites 
of  Jupiter  aud  Saturn  move  in  orbits  almost  circular.  La  Place  has  shown 
that  if  satellites  originally  moved  in  orbits  nearly  coincident  with  the  plane 
of  the  planet's  equator,  its  equatorial  protuberance  would  tend  to  retain 
them  in  that  plane,  but  the  almost  perfect  circularity  of  the  orbits  is  not 
yet  explained.  When  there  are  a  number  of  satellites  in  a  system,  inter- 
esting problems  arise  in  connection  with  their  mutual  disturbances;  and 
in  a  few  cases  it  becomes  possible  to  determine  a  satellite's  mass  as  com- 
pared with  that  of  its  primary.  In  several  instances  satellites  show  pecul- 
iar variations  in  their  brightness,  which  are  supposed  to  indicate  that  they 
make  an  axial  rotation  in  the  time  of  one  revolution  around  the  primary, 
in  the  same  way  as  our  moon  does. 


>  Pliotography  is  beginning  to  be  applied,  and  n 
of  Man  and  Jupiiet. 
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549.  Enmboldt'i  ClKulfloKtlon  ol  the  Flanoti.  —  Humboldt  has 
divided  the  planets  into  two  groups:  the  terrestrial  planets,  so- 
called,  and  the  major  planets.  The  terrestrial  planets  are  Mercury, 
Venus,  the  earth,  and  Mars.  They  are  bodies  of  the  same  order  of 
magnitude,  ranging  from  3000  to  8000  miles  in  diameter,  not  very 
different  in  density  (the  earth  being  the  largest  and  probably  the 
densest  of  them),  and  are  probably  roughly  alike  in  physical  consti- 
tution, and  covered  with  water  and  air.  But  we  hasten  to  say  that 
the  differences  in  the  amount  of  heat  and  light  which  they  receive 
from  the  sun,  and  in  the  force  of  gravity  upon  their  surfaces,  and 
probably  in  the  density  of  their  atmospheres,  are  auch  as  to  bar  any 
positive  conclusions  as  to  their  being  the  abode  of  life  resembling  the 
forms  of  life  with  which  we  are  acquainted  on  the  earth. 

550.  The  four  major  planets,  Jupiter,  Saturn,  Uranus,  and  Nep- 
tune, are  much  larger  bodies  (ranging  in  diameter  between  30,000 
and  90,000  miles),  are  much  leas  dense,  and  so  far  aa  we  can  make 


out,  present  to  us  only  a  sutface  of  cloud,  and  may  not  have 
anything  solid  about  them.  There  are  some  reasons  for  suspecting 
that  they  are  at  a  high  temperature ;  in  fact,  that  Jupiter  is  a  sort  of 
semirsun;  but  this  is  by  no  means  yet  certain. 

As  for  the  multitudinous  asteroids,  the  probability  is  that  they 
represent  a  single  planet  of  the  terrestrial  group  which,  as  has 
been  intimated,  failed  for  some  reason  in  its  evolution,  or  else  has 


'  D.gitizect.yG00glc 


MEBCUBY.  .  347 

bees  brc&eD  to  pieces.  All  of  them  united  would  not  make  a  planet 
one-hundredth  the  mass  of  the  earth. 

Fig.  170  shows  the  relative  sizes  of  the  different  planets. 

Id  what  follows,  all  the  numerical  data,  ao  far  as  they  depend  on 
the  solar  parallax,  are  deteriDined  on  the  assumption  that  thst  paral- 
lax is  8".60,  and  tliat  the  son's  mean  distaooe  is  92,897000  miles. 

MERCURY. 
fifil.     There  is  no  record  of  the  discovery  of  the  planet.     It  has 
been  known  from  remote  antiquity ;  and  we  have  recorded  obaeroo' 
Uona  running  back  to  b.o.  264. 

For  a  time  the  ancient  Etstronomers  seem  to  have  failed  to  recognize  it 
as  the  SMue  body  on  the  eastern  and  western  sides  of  the  sun,  bo  that  the 
Greeks  had  for  a  time  two  names  for  it,  —  Apollo  when  it  was  morning  star, 
and  Mercnry  when  it  was  evening  star.  Accordmg  to  Arago,  the  Egyptians 
called  it  Set  and  Horus,  and  the  Hindoos  also  gave  it  two  names. 

It  is  BO  near  the  sun  that  it  is  comparatively  seldom  seen  with  the 
naked  eye  ;  but  when  near  its  greatest  elongation  it  is  easily  enough 
visible  as  a  brilliant  star  of  the  first  magnitude  low  down  in  the  twi- 
light, perhaps  not  quite  so  bright  as  Sirius,  but  certainly  brighter  than 
Arcturus.  It  is  usually  visible  for  about  a  fortnight  at  each  elonga- 
tioD,  and  is  best  seen  in  the  evening  at  such  eastern  elongations  as 
occur  in  March  and  April.  In  Northern  Europe  it  is  much  more 
ilifBcuU  to  observe  than  in  loner  latitudes,  and  Copernicus  is  said 
never  to  have  seen  it.  Tycho,  however,  obtained  a  considerable 
number  of  observations.  For  the  most  part,  of  course,  observations 
upon  it  are  made  in  the  daytime. 

558,  It  is  exceptional  in  the  solar  system  in  a  great  variety  of 
ways.  It  is  the  nearest  planet  to  the  sun,  receives  the  most  light  and 
heat,  is  the  swiftest  in  its  movement,  and  (excepting  some  of  the 
asteroids)  has  tlie  most  eeeentrie  orlnt,  with  the  greatest  inclination  to 
the  ecliptic.  It  is  also  the  smalUst  in  diameter  and  has  the  least 
mass,  asteroids  again  excepted. 

553.  Diitanee,  Light,  and  Hoat.  —  Its  mean  distance  from  the 
snn  is  36,000000  miles,  but  the  eccentricity  of  its  orbit  is  so  great 
(0.205),  that  the  snn  is  seven  and  one-half  millions  of  miles  out  of 
its  centre,  and  the  actual  distance  of  the  planet  from  the  sun  ranges 
all  the  way  from  28,500000  to  43,500000,  whUe  its  vek)city  in  its  orbit 
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rarles  ttom  thirl^-flve  miles  s  second  at  perifaelion  to  only  twenty-three 
at  aphelion.  On  the  average  it  receives  6.7  times  as  mnch  light  and 
heat  as  the  earth ;  but  the  heat  received  at  perihelion  m  to  that  at 
aphelion  In  the  ratio  of  9  to  4.  For  this  reason  there  must  be  two 
seasons  in  its  year  due  to  the  changing  distance,  even  if  the  equator 
of  the  planet  is  parallel  to  the  plane  of  its  orbit,  which  would  preclnde 
seaaonB  like  our  own.  If  the  planet's  equator  ia  inclined  at  an  angle 
like  the  earth's,  then  die  aeaaons  must  be  very  complicated. 

SM.  Period.  —  The  sidereal  period  is  very  nearly  88  days,  and 
the  synodic  period,  or  the  time  from  conjunction  to  conjunction  again, 
is  aboat  116  days.  The  greatest  elongatJon  ranges  from  18°  to  28°, 
and  occurs  about  twenty-two  days  before  and  after  the  inferior 
conjunction,  or  about  thiity-six  days  before  and  after  the  superior 
conjunction.  The  planet's  arc  of  retiogression  is  about  12"  (consid* 
erably  variable),  and  the  stationary  point  is  very  near  the  greatest 
elongation. 

S55.  Inclination.  —  The  inclination  of  the  orbit  to  the  ecliptic  is 
about  7°,  but  the  greatest  geocentric  latitude  (that  is,  tiie  planet's 
greatest  distance  from  the  ecliptic  as  Been  from  tlie  earth)  is  never 
quite  so  great. 

056.  Diameter,  Surface,  and  Yolome.  —  The  apparent  diamOer 
ranges  from  5"  to  about  13",  according  to  its  distance  from  us;  the 
Least  distance  from  the  earth  being  about  57,000000  miles  (93  — 
86),  while  the  gieatest  is  about  129,000000  (93+36).  The  real 
diameter  is  very  near  3000  miles,  not  difTering  from  that  more  tbar 
fifty  miles  either  way.  It  is  not  easy  to  measure,  and  the  "  probable 
error"  is  perhaps  rather  larger  than  would  have  been  expected. 
With  this  diameter,  ita  surface  is  |  of  the  earth's,  and  ita 
volume  jp. 

567.  Mass,  Density,  and  Svrface  Qravity.  ^  Its  mass  is  very  diffi- 
cult to  determine,  since  it  has  no  satellite,  and  the  values  obtained 
by  La  Place,  Encke,  Leverrier,  and  others,  range  all  the  way  from  (  of 
the  earth's  mass  to  ^.  The  planet  is  so  small  and  so  near  the  sun 
that  its  effect  in  disturbing  the  other  planets  is  very  slight,  and  the 
"  probable  error  "  of  the  mass  determined  from  these  perturbations 
is  correspondingly  large. 
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In  his  recent  wotk  apon  the  "Fundamental  Elements  of  Astronomy," 
ITewcomb  settles  upon  a  value  of  ^g,|,^Q  of  the  sun's  mass,  or  ^  of  the 
earth's.  Harkness  gets  ^g  of  the  earth's.  Assaming  Nevcomb's  value,  the 
density  of  Mercui^  comes  out  about  seyen-eighths  that  of  the  earth ;  and  its 
surface  gravity  a  little  less  tlian  one-lhird.  If  we  take  Harkness'  figures  the 
density  is  only  0.72,  and  its  superficial  gravity,  0.27.  But  none  of  the  results 
thus  far  obtained  are  to  be  regarded  as  more  than  rough  approximations  to 
the  truth.     The  data  are  not  sufficient  to  furnish  accurate  determiuations. 

568.  Its  Albedo,  or  reflecting  power,  as  determined  by  ZSllner  is 
very  low  —  only  0.13,  somewhat  inferior  to  that  of  the  moon. 

In  1878  Mr.  Nasrayth  observed  the  planet  in  the  same  field  of  view  with 
Tenns ;  and  although  Mercury  was  then  not  much  more  than  half  as  far 
from  the  sun  as  Venus,  and  therefore  four  times  as  brightly  illuminated,  it 
appeared  to  be  less  luminous  in  the  telescope.  "Venus  was  like  silver. 
Mercury  like  zinc  or  lead." 

In  the  proportion  of  light  given  out  at  its  different  phases,  it 
behaves  like  the  moon,  flashing  out  strongly  near  the  full,  as  if  it  had 
a  surface  of  the  same  rough  structure  as  that  of  our  satellite.  Like 
the  moon  and  Mars  also,  but  in  contrast  with  Jupiter,  the  illuminated 
edge  of  its  disc  is  always  brighter  than  the  centre. 

069.  Teleacopic  Appearance  and  Phaiea.  —  Seen  by  the  telescope, 
the  planet  looks  like  a  little  moon,  showing  phases  precisely  similar 
to  those  of  our  satellite.  At  inferior  conjunction  the  dark  side  is 
towards  us;  at  superior  conjunction  the  illuminated  surface.     At 

Fia.  ITt.  —  Pliusa  of  Hercnr;  and  Teniu. 

the  greatest  elongation  it  appears  like  a  half-moon.  Between  sape- 
rior  conjunction  and  greatest  elongation  it  is  gibbous,  while  between 
inferior  conjunctions  and  the  elongations  it  shows  the  crescent  phase. 
Fig.  171  illustrates  the  phases  of  both  Mercury  and  Venus. 
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As  a  role  Mercury  is  so  near  the  bud  that  it  can  be  observed  only 
in  the  daytimCj  but  with  proper  precautions  in  screening  the  object 
glass  of  the  telescope  from  direct  sunlight,  the  observation  is  not 
very  difficult.  The  surface  presents  very  little  of  interest,  there 
being  no  well-defined  markings,  though  there  are  sometimes  indistinct 
shadings  which  perhaps  indicate  permanent  geographical  features. 
It  has  been  attempted  to  deduce  from  these  the  length  of  the  planet's 
day,  and  many  years  ago  Schroeter,  a  German  astronomer,  a  con- 
temporary of  the  elder  Herscbel,  obtained  24"  W  as  a  result,  which 
until  recently  remained  practically  uncontradicted,  though  also 
unconfirmed.  In  1889,  however,  Sohiaparelli,  the  Italian  astronomer, 
announced  that  he  had  ascertained  that  the  markings  do  not  move 
sensibly  upon  the  planet's  disc,  in  the  course  of  several  hours  even, 
and  therefore,  that  the  time  of  rotation  must  be  much  longer  than 
a  day,  and  he  finds  as  a  result  the  remarkable  fact  that  th^  planet 
rotates  on  its  axis  only  once  during  Us  oHntal  period  of  88  days;  and 
keeps  the  same  face  always  turned  towards  the  sun,  behaving  in  this 
respect,  just  as  the  moon  does  towards  the  earth.  Owing  to  the 
eccentricity  of  the  orbit,  however,  the  planet  has  a  large  'libration' 
(Art.  260),  amounting  to  nearly  23^°  on  each  side  of  the  mean 
position  ;  i.e.,  seen  from  a  favorable  position  on  the  planet's  surface, 
the  sun  instead  of  rising  and  setting  daily,  as  with  us,  would  oscillate 
about  17°  back  and  forth  in  the  sky,  every  88  days.  This  asserted 
discovery  is  extremely  important,  and  has  excited  great  interest 
There  is  little  doubt  that  it  is  correct ;  but  the  necessary  observa- 
tions are  very  difficult,  and  the  only  direct  confirmation  thus  far  is 
from  the  Flagstaff  observations  of  Lowell  in  1896,  who  gets  a  result 
perfectly  agreeing  with  that  of  Schiaparelli. 

560.  Atmosphere.  —  The  evidence  upon  this  subject  is  not  con- 
clusive. Its  atmosphere,  if  it  has  one,  must,  however,  be  much  less 
dense  than  that  of  Venus.  Ko  ring  of  light  is  seen  surrounding  the 
disc  of  the  planet  when  it  enters  the  limb  of  the  sun  at  the  time  of 
a  transit,  while  in  the  case  of  Venus  such  a  ring,  due  to  the  atmos- 
pheric refraction,  is  very  conspicuous.  On  the  other  hand,  Huggins 
and  Vogel,  who  have  examined  the  spectrum  of  the  planet,  report 
that  certain  lines  in  the  spectrum,  due  to  the  presence  of  water- 
vapor,  were  decidedly  stronger  than  in  the  spectrum  of  the  air  (illu- 
minated by  sunshine),  which  formed  the  background  for  the  planet, 
making  it  probable  that  it  has  an  atmosphere  containing  water-vapor 
like  the  atmosphere  of  the  earth,  but  probably  less  extensive  and 
dense. 
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661.  Tmuits.  —  Usually  at  the  time  of  inferior  conjonction  the 
planet  passes  north  or  south  of  the  sun,  the  inclination  of  its  orbit 
being  7°;  but  if  the  conjunction  occurs  when  the  planet  is  very  near 
its  node,  it  will  cross  the  disc  of  the  sun  and  be  visible  upon  it  as  a 
small  black  spot  ~  not,  however,  large  enough  to  be  seen  without  a 
telescope,  as  Venus  can  under  similar  circumstances. 

At  this  time  we  have  the  beat  opportunity  for  meaauring  the  diameter  of 
the  planet ;  but  nnleaa  special  precautions  are  taken,  the  measured  diameter 
under  these  circumalauces  is  likely  to  be  loo  small,  on  account  of  the  irradia- 
tion of  the  Burroundiiig  background,  which  encroaches  upon  the  planet's  disc 

Since  the  planet's  nodes  are  in  longitudes  227°  and  47°,  and  are 
passed  by  the  earth  on  May  7  and  November  9,  the  transits  can 
occur  only  near  those  days.  If  the  orbit  of  the  planet  were  strictly 
circular,  the  "transit  limit"  (corresponding  to  an  ecliptic  limit) 
would  be  2°  10';  but  at  the  May  transits  the  planet  is  near  its 
aphelion  and  much  nearer  the  earth  than  ordinarily,  so  that  the 
limit  is  diminished,  while  the  November  limit  is  correspondingly 
increased.  The  May  transits  are  in  fact  less  than  half  as  numerous 
as  the  Kovember  transits. 

668.  Interval  between  Tranalta.  —  Twenty-two  synodic  periods 
of  Mercury  are  pretty  nearly  equal  to  7  years ;  41  still  more  nearly 
equal  13  years;  and  145  almost  exactly  equal  46  years.  Hence, 
after  a  November  transit,  a  second  one  is  possible  in  7  years,  prob- 
able in  13  years,  and  practically  certain  in  46.  For  the  May  tran- 
sits the  repetition  after  7  years  is  not  possible,  and  it  often  fails  in 
13  years. 

The  first  transit  of  Mercury  ever  observed  was  bj  Gasaendi,  Nov.  7, 1631. 
The  last  transit  (visible  in  the  U.  S.)  occurred  oq  Nov.  14,  1807. 
The  following  list  gives  the  transits  of  the  present  century.     An  asterisk 
deuotea  that  the  whole  transit  wUl  be  visible  in  the  U<  S.;  a  dagger,  that  a 
part  of  it  can  be  seen. 

11907,  Nov.  14;  tl914,  Nov.  6;  1924,  May  7} 
1927,  Nov.  8;  1937,  May  lO;  1940,  Nov.  12; 
•1953,  Nov.  13;  •I960,  Nov.  6jtl»70,  May  9-, 
tl973,  Nov.    9;     1986,  Nov.  12;     1980,  Nov.  14. 

The  transits  of  Mercury  are  of  no  particular  astronomical  importance, 
except  as  giving  accurate  determinations  of  the  planet's  place,  by  means  of 
which  its  orbit  can  be  determined.  Newcomb  has  also  recently  made  an 
investigation  of  all  the  recorded  transits,  for  the  purpose  of  testing  the 
uniformity  of  the  earth's  rotation.  They  seem  to  indicate  certain  small 
irregularities  in  tliat  motion,  but  hardly  make  the  fact  certain. 
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663.  The  next  placet  in  order  from  the  sua  is  Yeaus,  the  brightest 
and  most  couBpicuouB  of  all ;  the  earth's  twin  sister  in  magnitude, 
density,  and  general  constitution,  if  not  also  in  a^,  as  to  which  we 
have  no  knowledge.  Like  Mercury,  it  had  two  names  among  the 
Greeks, — Phosphorus  a£  morning  star,  and  Hesperus  a£  evening  star. 
It  is  so  brilliant  that  it  is  easily  seen  by  the  naked  eye  in  the  day- 
time for  several  weeks  when  near  its  greatest  elongation ;  sometimes 
it  is  bright  enough  to  catch  the  eye  at  once,  but  nsually  it  is  seen  1^ 
daylight  only  when  one  knows  precisely  where  to  look  for  it. 

(There  is  no  good  reason  to  suppose  that  it  is  the  "Shir  of  BeOdehm," 
though  some  have  imagined  this  to  be  the  case.) 

564.  Siitauce,  Period,  and  Inclination  of  Orbit.  —  Its  mean  dis- 
tance from  the  sun  is  67200000  miles.  The  eccentricity  of  the 
oibit  is  the  smallest  in  the  planetary  system  (only  0.007),  so  that 
the  greatest  and  least  distances  of  the  planet  from  the  sun  differ 
from  the  mean  only  470000  miles  each  way.  Its  orbital  velocity  is 
tweuty-two  miles  per  second. 

Its  aidereal  period  is  225  days,  or  seven  and  one-half  months,  and 
its  synodic  period  684  days  —  a  year  and  seven  months.  From  supe- 
rior conjunction  to  elongation  on  either  side  is  220  days,  while  from 
inferior  conjunction  to  elongation  is  only  71  or  72  days.  The  arc 
of  retrogression  is  16°. 

The  inclhiation  of  its  orbit  is  only  3J'. 

665.    Diameter,  Surface,  and  Volnme.  —  The  apparent  diameter 

ranges  from  67"  at  the  time  of  inferior  coujunction  to  only  11"  at  the 
superior,  tliis  great  difference  depends,  of  course,  upon  the  enor- 
mous change  in  the  distance  of  the  planet  from  the  earth.  At 
inferior  conjunction  the  planet  is  only.  26  000000  miles  from  ua  (93 
—  67).  No  other  body  ever  comes  so  near  the  earth  except  the 
moon,  an  occasional  comet,  and  Eros.'  Its  greatest  distance  at  supe- 
rior conjunction  is  160  000000  miles  (93  -f  67),  so  that  the  ratio 
between  the  greatest  distance  and  the  least  is  more  than  6  to  1. 

The  real  diameter  of  tlie  planet  is  7700  (±30)  miles.  Its  sur- 
face, as  compared  with  that  of  the  earth,  is  ninety-five  per  cent ;  its 
vol'ime  ninety-two  per  cent. 

1  Seu  page  377  for  note  on  Kros. 
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MASS,   DENSITY,   AND   GRAVITY.  858 

066,  Kui,  Denilty,  and  Gravity. — By  means  of  the  pertnrbor 
tious  she  produces,  the  maag  of  Venua  is  found,  aocording  to  Kew- 
comb,  to  be  about  eighty-two  per  cent  of  the  earth's;  hence  her 
densHtf  ia  eighty-eight  per  cent,  and  her  superfieial  gravity  eighty-five 
per  cent  of  the  earth's. 

fi67.  Fhara.  —  The  telescopic  appearance  of  the  planet  is  strik- 
ing on  account  of  her  great  brilliance.  When  about  midway  between 
greatest  elongation  and  inferior  conjunction  she  has  an  apparent 
diameter  of  40",  so  that,  with  a  mt^nifying  power  of  only  forty-fire, 
she  looks  exactly  like  the  moon  four  days  old,  and  of  precisely  the 
same  apparent  size. 


Fio.  173.  —  Talesoopio  Appearames  oC  Veniu. 

Very  few  persona,  however,  would  think  bo  on  their  first  view  through 
the  telescope,  for  a  novice  always  underrates  the  apparent  size  of  a  tele- 
scopic object :  he  inatiiictively  adjusts  his  focus  aa  if  looking  at  a  picture 
only  a  few  inches  away,  instead  of  projecting  the  object  visually  into 
the  sky. 

According  to  the  theory  of  Ptolemy,  Venus  could  never  show  ua 
more  than  half  her  illuminated  surface,  since  according  to  his  hypoth- 
esis she  was  always  between  us  and  tfie  supposed  orbit  of  the  sun 
(Art.  600).  Accordingly,  when  in  1610  Galileo  discovered  that  she 
exhibited  the  gibbons  phase  as  well  as  the  crescent,  it  was  a  strong 
argument  for  Copernicus.  Galileo  announced  his  disooveiy  in  a 
ourioos  way,  by  publishing  the  anagram,  — 

"Haec  immatora  a  me  jam  fmstra  leguntur;  o.  y." 
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854  TZKUS. 

Some  monthB  later  he  famished  the  translation, — 
"Cyathite  figuras  lemul&tur  Mater  Amorum," 
which  is  formed  by  merely  transposing  the  letters  of  the  anagram. 
His  object  was  to  prevent  any  one  from  claiming  to  have  anticipated 
him  in  this  discovery,  as  had  been  done  with  respeot  to  his  discovery 
of  the  sun  spots. 

Fig.  172  represents  the  disc  of  the  planet  as  seen  at  four  points  in  its 
orbit  1,  3,  and  5  are  taken  at  superior  conjunction,  greatest  elongation, 
and  near  inferior  conjunction  reapectirely,  while  2  and  4  are  at  interme- 
diate points. 

668.  Mudmnm  BrightiiMs.  —  The  planet  attains  its  mazimmn 
brilliance  thirty-six  days  before  and  after  inferior  conjunction,  at  a 
distance  of  abont  38°  or  3d°  from  the  sun,  when  its  phase  is  like  that 
of  the  moon  about  five  days  old.  It  then  casts  a  strong  shadow, 
and,  as  has  already  been  said,  is  easily  visible  by  day  with  the 
naked  eye. 

569.  Surface  If arkillg^.  —  These  are  not  at  all  conspicuous.  Near 
the  limb  of  the  planet,  which  is  always  much  bright«r  than  the  central  parts 
(as  b  also  the  case  with  Mercury  and  Mars),  they  cau  never  be  well  seen, 
although  sometimes  when  Venus  was  in  the  crescent  phase,  bitensely  bright 
spot«  have  been  reported  near  the  cusps,  as  at  a  and  b  in  No.  4,  Fig.  172. 
These  may  perhaps  be  iee-eap»  like  those  which  are  seen  on  Mars.  Near  the 
■'  terminator,"  which  is  less  brUliaot  and  less  sharply  defined  than  the  hmb, 
irregular  darkish  shadings  are  sometimes  seen,  such  as  are  indicated  by  the 
dotted  lines  in  the  figures,  but  without  any  distinct  outline.  They  may 
be  continents  and  oceans  dimly  visible,  or  they  may  be  mere  atmospheric 
objects ;  observations  do  not  yet  decide. 

Mr.  Lowell,  however,  until  recently  alone  among  observers,  describes  a 
very  different  aspect  according  to  his  Flf^taff  studies.  He  makes  out  an 
obvious  and  permanent  system  of  markings,  consisting  of  rather  narrow 
dark  streaks,  nearly  straight,  radiating  in  a  spoke-like  manner  from  a  sort 
of  "  hub  "  near  the  centre  of  the  planet's  disc.  They  seemed  to  him  \o  be 
quite  sharp  in  outline,  but  dim,  as  if  seen  through  a  luminous  atmosphere 
of  considerable  depth.  He  even  goes  so  far  as  to  offer  a  map  of  the  planet, 
with  names  appended  to  some  of  the  principal  features.  Ha  attributes  his 
success,  not  so  much  to  the  power  of  his  twenty-four-inch  telescope  (one  of 
the  last  and  most  perfect  of  Clark's  productions),  as  to  the  excellence  of  the 
atmospheric  conditions  at  Flagstaff.  He  maintains,  very  reasonably  it 
seems,  that  in  the  observation  of  objects  like  the  finer  markings  on  the  diact 
of  Mercury,  Venus,  and  Mars,  steadinea  of  the  image  is  even  more  impor- 
tant than  telescopic  power  or  acuteness  of  vision.     He  also  notes  that  the 
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risibilily  of  the  markinga  is  in  a  measure  dependent  upon  the  phase,  as 
they  are  seen  moot  easily  when  the  disc  is  nearly  fulL 

070.  BotstioD  of  the  Planet.  —  The  rot&tioD-period  of  the  planet 
is  still  a  subject  of  dispute.  Schroeter,  from  bis  obserrations  of 
shadings  noted  upon  its  surface,  deduced  a  "day"  of  23"  21™,  and 
some  more  recent  observers  support  his  conclusion.  On  the  other 
hand  Scbiapaj«lli,  while  he  does  not  profess  to  have  yet  determined 
the  period  with  precision,  considers  that  his  observations  disprove 
Bchroeter'a  result,  and  show  that  the  rotation-period  must  be  long, 
and  probably  225  days,  identical  with  the  planet's  orbital  period,  as 
in  the  case  of  Mercury.  Mr.  Lowell's  observations  of  1896  confirm 
this  conclusion,  and  are  indeed  decisive  if  they  are  accepted  as 
correct. 

It  is  not  unlikely  that  the  spectroscope  will  soon  give  us  a 
final  settlement  of  the  question :  if  the  rotation  is  rapid  the  dark 
lines  in  the  spectrum  must  be  displaced  at  the  edges  of  the  planet's 
disc  (Art.  321,  note)  by  an  amount  that  can  be  measured.' 

De  Vico,  fifty  years  ago,  concluded  that  the  planet's  equator  makes 
an  angle  of  54°  with  the  plane  of  its  orbit,  and  the  statement  is  still 
found  in  many  text-books,  though  it  is  probably  incorrect.  If  the 
bright  spots  referred  to  in  Art.  669  are  really  "polar  caps"  the 
inclination  must  be  small. 

No  sensible  difference  has  been  ascertained  between  the  difierent  diam- 
eters of  the  planet,  a  fact  which  favors  Schiaparelli's  rotation-period.  If  it 
were  really  as  much  flattened  at  the  poles  as  the  earth  is,  there  should  be  a 
measurable  difference  of  0".2  between  the  polar  and  equatorial  diametore. 

571.  Konntains.  —  From  certain  irregularities  oeeasionally  ob- 
served upon  tlie  terminator,  and  especially  from  the  pecidiar  blunted 
form  of  one  of  the  cusps  of  the  crescent,  various  observers  have  con- 
cluded that  there  are  numerous  high  mountains  upon  the  surface  of 
the  planet.  Schroeter  assigned  to  some  of  those  near  the  southern 
pole  the  extravagant  altitude  of  twenty-five  or  thirty  miles,  but  the 
evidence  is  entirely  insufficient  to  warrant  any  confidence  in  the 
conclusion. 

572.  Albsdo.  —  According  to  Ziillncr  the  Jlbedo  of  the  planet  is 
0.50,  which  is  about  three  times  that  of  the  moon,  and  almost  four 
times  that  of  Mercury.  It  is,  however,  exceeded  by  the  reflecting 
power  of  the  surfaces  of  Jupiter  and  Uranus,  while  that  of  Saturn 

>  Up  to  1008  the  lesults  on  the  whole  rather  favor  the  long  period. 
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appears  to  be  about  the  same.  This  high  reflecting  power  probably 
indicates  that  the  surface  is  mostly  covered  with  cloud,  as  few  rocks 
or  soils  could  match  it  in  brightness.  Lowell,  however,  denies  the 
existence  of  anything  like  a  nearly  continuous  cloud  veil  such  as 
has  been  generally  supposed. 

573.  Evidences  of  Atmosphere. — When  the   planet  is  near  the 

sun,  the  horns  of  the  crescent  extend  notably  beyond  the  diameter, 
and  when  very  near  the  sun,  a  thin  line  of  light  has  been  seen  by 
several  observers,  especially  Professor  Lyman  of  New  Haven,  to 
complete  the  whole  circumference.  This  is  due  to  refraction  of  son- 
light  by  the  planet's  atmosphere,  a  phenomenon  still  better  seen  as 
the  planet  is  entering  upon  the  sun's  disc  at  a  transit,  when  the 
black  disc  is  surrounded  by  a  beautiful  ring  of  light.  From  the  ob- 
servations of  tlie  transit  of  1874,  Watson  conclnded  that  the  planet's 
atmosphere  must  have  a  depth  of  about  fifty-five  miles,  that  of  the 
earth  being  usually  reckoned  at  forty  miles.  Later  observations,' 
however,  indicate  an  atmosphere  less  extensive  than  our  own,  and 
that  the  luminous  twilight  ring  is  due  rather  to  diffuse  reflection  than 
to  refraction.  The  planet's  spectrum  usually  shows  the  lines  of 
water  vapor,  but  they  may  be  telluric  (Art.  314). 

Lights  on  Dark  Piirtion.  —  Many  observers  have  also  reported 
faint  lights  as  visible  at  times  on  the  dark  portion  of  the  planet's 
disc.  These  cannot  be  accounted  for  by  I'eflection,  but  must  origi- 
nate on  the  planet's  surface ;  they  recall  the  Aurora  Borealis  and 
other  electrical  manifestations  on  the  earth. 

574.  Satellites.  ^  No  satellite  is  known,  although  in  the  last 
century  a  number  of  observers  at  various  times  thought  they  bad 
found  one. 

In  most  cases  they  observed  small  stars  near  the  planet,  ^hieh  we  can 
now  identity  liy  computing  the  place  occupied  by  the  planet  at  the  dote  of 
observation.  It  is  not,  however,  impossible  tliat  tlie  planet  may  have  some 
very  minute  and  near  attendants  like  those  of  Mars,  which  may  yet  be 
brought  to  light  by  means  of  the  grnat  telescopes  of  the  future,  or  by  pho- 
tography. Of  course  the  extreme  brilliance  of  the  planet,  and  the  fact  that 
the  necessary  observations  can  be  made  only  in  strong  twilight,  render  the 
discovery  of  such  objects,  if  they  eiist,  very  difficult. 

575.  Tnuuite.  —  Occasionally  Venus  passes  between  the  earth 
and  the  sun  at  inferior  conjunction,  giving  us  a  so-called  "  transU." 
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She  is  then  visible  (even  to  the  oaked  eye)  as  n  black  spot  on  the 
disc,  croflsiog  it  from  east  to  west. 

As  the  inclinatioD  of  the  planet's  orbit  ia  nearly  3^°,  the  "  transit 
Umii"  ia  small  (about  4°),  and  the  tranaita  are  therefore  very  rare 
pheaomeDa.  The  snn  passea  the  nodea  of  the  orbit  on  Jane  5  and 
December  7,  so  that  all  tranaita  must  occur  on  or  near  those  dates. 
When  Venna  croasea  the  auD'a  disc  centrally,  the  duration  of  the 
(ranalt  is  about  eight  hours.  Taking  the  mean  diameter  of  the  sun 
as  32',  or  ^-fj  of  a  circumference,  and  the  plauet'a  synodic  period 
as  534  days,  the  geocentric  duration  of  a  central  transit  ahould  be 
?H'X  tH  X  584*,  which  equals  0.332  days,  or  7''  58"-. 

576.  Beenxrenoe  of  Aaiuita.  —  Five  syoodic,  or  thirteen  aidereal, 
revolutiona  of  Venus  are  very  nearly  equal  to  eight  yeara,  the  diSer- 
eoce  being  only  a  little  more  than  one  day ;  and  still  more  nearly,  in 
foot  almost  exactly,  243  years  are  equal  to  152  synodic,  or  395  side- 
real, revolutiona.  If,  then,  we  have  a  transit  at  any  time,  we  mag 
have  another  at  the  aame  node  eight  years  earlier  or  later.  Sixteen 
years  before  or  aft«r  it  would  be  impossible,  and  no  other  transit 
can  occur  at  the  same  node  until  after  the  lapse  of  two  hundred  and 
thirty-five  or  two  hundred  and  forty-three  years. 

If  the  planet  crosses  the  sun  nearly  centrally,  the  tranait  will  not 
be  aecompaaied  by  another  at  an  eight-year  interval,  but  the  planet 
will  pass  either  north  or  south  of  the  sun'a  disc,  at  the  conjunctions 
next  preceding  and  following.  I(,  however,  as  ia  now  the  case,  the 
transit  path  is  near  the  northern  or  Boutheru  edge  of  the  sun,  then 
there  will  be  a  companion  tranait  across  the  opposite  edge  of  the 
disc  eight  years  before  or  after.  Thus,  if  we  have  a  pair  of  .Tune 
transits,  separated  by  an  eight-year  interval,  it  will  be  followed  by 
another  pair  at  the  same  node  in  343  years ;  and  a  pair  of  December 
tranaita  will  come  in  about  halfway  between  the  two  paira  of  June  trau- 
Hts.  After  a  thousand  years  or  so  from  the  present  time  the  transits 
will  cease  to  come  in  pairs,  as  they  have  been  doing  for  2000  years. 
577.  Transits  of  Venus  have  occurred  ur  will  occur  on  the  following  dates: — 

Dec.  7,  16.51         Dec.  0,1874        |        June  5,  1781        June  8,  2004 

Dec.  4,  16.30        Dec.  6,  1S82        |        June  3.  1769        June  6,  2012 

'  II  Venus  (wiih  her  actiuJ  rate  of  motion)  were  at  the  same  distance  from 
Uie  earth  as  from  tbe  sun,  the  duration  of  a  central  trauMt  would  be  a.~;butat 
conjuncUon  she  is  nearer  in  tbe  ratio  ol  277  to  723,  and  tbe  duration  is  corie- 
tpoiidinglf  shortened.  > 
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The  special  interest  in  these  transits  consists  tn  the 
mada  of  them  for  the  purpose  of  flnding  the  sun's 
parallax,  a  subject  which  will  be  discussed  later  on 
(Chap.  XVI.). 

The  first  observed  transit,  in  1639,  was  seen  by 
only  two  persons,  —  Horrox  and  Crabtrae,  in  Eng- 
land. The  four  which  have  occurred  since  then 
have  been  iizt«nsively  observed  in  aU  parts  of  the 
world  where  they  were  visible,  by  scientific  expeditiona 
sent  out  for  the  purpose  by  different  ustions.  The 
transits  of  1769  and  1882  were  visible  in  the  United 
States.  Fig.  178  shows  the  track  of  Venua  across 
the  Ban's  disc  at  the  two  transits  of  1871  and  1882. 


This  planet  is  also  prehistoric  as  to  its  discoTory.  It  Is  so  con- 
spicuouB  in  color  and  brightness,  and  in  the  extent  and  apparent 
capriciousness  of  its  movement  among  the  stars,  that  it  could  not 
have  escaped  the  notJce  of  the  very  earliest  observers. 

578.  Orbit.  —  Its  mean  distance  from  the  sun  is  141,500000 
miles,  but  the  eccentricity  of  the  orbit  is  bo  considerable  (0.093) 
that  the  distance  varies  about  13,000000  miles.  The  light  and  heai 
which  it  receives  from  the  sun  is  somewhat  less  than  half  of  that 
received  by  the  earth.  The  inclination  of  its  orbit  is  small,  1°51'. 
The  planet's  sidereal  period  is  687  days,  or  1'  lO^"",  which  gives 
it  au  average  orbital  velocity  of  fifteen  miles  per  second-  Its 
ayriodic  period  is  780  days,  or  2'  Ip".  It  is  the  longest  io  the 
solar  system,  that  of  Venus  (584  days)  coming  next.  Of  the  780 
days,  it  moves  eastward  daring  710,  and  retrc^cades  during  70, 
through  au  arc  of  18°. 

579.  At  opposition  its  average  distance  from  the  earth  is  48,600- 
000  miles  (141,500000  miles  minus  92,SOOOO0  miles).  When  the 
opposition  occurs  near  the  planet's  perihelion,  this  distance  is  re- 
duced to  35,050000  miles ;  if  near  aphelion,  it  is  increased  to  over 
61,000000.  At  conjunction  the  average  distance  from  the  earth 
is  234,400000  miles  (141,500000  plus  92,900000). 

The  apparent  diameter  and  brilliancy  of  the  planet,  of  course,  vary 
enormously  with  these  great  changes  of  distance. 

If  wB  put  R  for  the  planet's  distance  from  the  atin,  and  A  for  its  distance 
from  the  earth,  its  brtghtuesB,  neglecting  the  correction  for  phase,  should 
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«qual  ^T^    We  find  from  this  that,  taking  the  brightness  at  conjunction 

u  unity  (at  which  time  the  planet  is  aboat  as  bright  as  the  pole-Btar),  it  is 
mora  than  twenty-three  times  brighter  at  the  average  opposition,  and  fifty- 
thrae  times  brighter  U  the  opposition  occurs  at  the  planet's  perihelion.  At 
an  unfavorable  opposition  Mars,  as  has  been  said,  may  be  61,000000  mOes 
distant,  aud  its  brightness  then  is  only  about  twelve  times,  as  great  as  at 
conjunction, — the  difference  between  favorable  aud  unfavorable  oppositionf 
being  more  than  /our  to  one. 

These  favorable  oppositions  occur  always  ia  the  latter  part  of  August  (at 
which  date  the  earth  passes  the  line  of  apsides  of  the  planet),  and  at  intervals 
of  fifteen  or  seventeen  years.  The  last  was  in  1907,  and  the  next  will  be  in 
1923.  A  reference  to  Fig.  159  will  show  how  great  is  the  difference  between 
the  planet's  opposition  distance  from  the  earth  under  varying  circumstancea. 

MO.  Diameter,  Snrfaoe,  and  Volume.  —  The  apparent  diameter  of 
the  planet  ranges  from  3".6  at  conjunction,  to  25". 0  at  a  favorable 
opposition.  Its  real  diameter  is  very  closely  4200  miles,  — the  error 
may  be  twenty  miles  one  way  or  the  other.  This  makes  its  surface 
0.28,  and  its  volume  0.147  (equal  to  f)  of  the  earth's. 

581.  Haw,  Seiuity,  and  Oravity.  —  Observations  apon  its  satel- 
lites give  its  mass  as  1  compared  with  that  of  the  earth.  This 
makes  its  density  0.73  and  superficial  gravity  0.38  ;  that  is,  a  body 
which  weighs  100  pounds  on  the  earth  wonld  have  a  weight  of  38 
pounds  on  the  surface  of  Mars. 

Since  the  orbit  of  the  planet  is  outside  that  of  the 
earth,  it  never  comes  between  ua  and  the  sun, 
and  can  never  show  tlie  crescent  phase;  but  at 
quadrature  enough  of  the  unilluminated  portion 
is  turned  towards  the  earth  to  make  the  disc 
clearly  gibbous  like  the  moon  three  or  four  days 
from  full.  Fig.  174  shows  its  maximum  phase 
accurately  drawn  to  scale. 

683.    The  "  Albedo  "  of  the  Planet.  —  Accord- 
ing to  Z511ner'e  observations  this  is  0.26,  which 
is  considerably-  higher  than  tliat  of  tlie  moon 
{\),  and  ]nst  double  that  of  Mercury. 

0H.  Eotatioa. — The  planet's  time  of  rotation  is  24''  37"  22".67. 
This  very  exact  determination  has  been  made  by  Kaiser  and  Bak- 


Fis.  in. 

QnUart  FluH  ot  Hut. 


D.gitizect.yG00glc 


360  HAB8. 

hujzen,  by  comparing  drawings  of  the  planet  wbich  were  made  more 
than  200  years  ago  by  Hugyhens  with  others  made  recently. 

It  is  obvious  that  observations  made  a  few  days  or  weeks  apart  will 
give  the  time  or  rotation  with  only  approximate  accuracy.  Knowing 
it  thus  approximately,  we  can  then  determine,  without  fear  of  error, 
the  whole  number  of  rotatiom  between  two  observations  separated 
by  a  much  longer  interval  of  time.  This  will  give  a  second  and  closer 
approximation  to  the  true  period ;  and  with  this  we  can  carry  our 
reckoning  over  centuries,  and  thus  finally  determine  the  period  within 
a  very  minute  fraction  of  a  second.  The  number  given  is  not  uncer- 
tain by  more  than  ^  of  a  second,  if  so  much. 

685.  The  Inclination  of  the  Flanet'a  Equator  to  the  Plane  of  iti 
Orbit. — This  is  very  nearly  24°  according  to  Lowell,  not  very 
different  from  the  inclination  of  the  earth's  equator;  so  far,  therefore, 
as  depends  upon  that  circumstance, its  seasons  should  be  substantially 
the  same  as  our  own. 

686.  Polar  Compreuion. —  There  is  a  slight  but  sensible  flatten- 
ing of  the  planet  at  the  poles.  Tl)e  earlier  observers  found  for  the 
polar  compression  values  as  large  as  ^,  and  even  ^.  These  large 
values,  however,  are  inconsistent  with  the  existence  of  any  extensive 
surface  of  liquid  upon  the  planet,  and  more  recent  observations 
of  the  writer  show  the  polar  compression  to  be  about  j^g.  This 
result  is  substantially  confirmed  by  the  still  later  measures  of  Lowell 
(who  gets  rJo),  and  by  the  computations  of  H,  Struve  based  on  the 
perturbations  of  its  nearer  satellite.  It  is,  moreover,  almost  exactly 
what  would  be  expected  from  a  planet  constituted  as  we  suppose 
Mars  to  be. 

687.  Telesoopio  Appearsaoe  asd  Borfaoe-Harking^. —  The  fact 

that  we  are  able  to 
determine  the  time  of 
rotation  so  accurately 
of  course  implies  the 
existenceof  identifiable 
markings  upon  the  sur- 
face. Viewed  through 
a    powerful    telescope, 

Fl<..lT6.-Te.e.oopicVi™o£M«..  ^j,^   ^\^-n^t's   disC,   aS  a 

whole,  is  ruddy,  or  orange-colored,  and  is  specially  bright  around 
the  limb,  but  not  at  the  "  terminator,"  if  there  is  any  considerable 
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phase.  The  central  portions  of  the  disc  present  greenish  and 
purplish  patches  of  shade,  for  the  most  part  not  sharply  defined, 
though  some  of  the  markings  have  outlines  reasonably  distinct.  On 
vatcbing  the  planet  for  only  a  few  hours  even,  the  markings  pass 
on  across  the  disc,  and  are  replaced  by  others.  Some  of  them  are 
permanent,  and  recur  at  regular  intervals  with  the  same  form  and 
appearance,  while  others  appear  to  be  only  clouds  which  for  a  time 
veil  the  surface  below,  and  then  clear  away.  But  these  are  extremely 
rare  as  compared  with  clouds  upon  the  earth. 

The  most  noticeable  features  may  be  divided  broadly  into  three 
classes,  — 

First,  white  patches,  two  of  which,  near  the  planet's  poles,  aie 
usually  conspicuous,  and  are  generally  supposed  to  be  sheets  of 
maw  and  ice,  since  they  behave  just  as  would  be  expected  if  such 
were  the  case.  During  the  planet's  northern  summer  the  northern 
cap  dwindles  away,  while  the  southern  one  rapidly  increases,  and 
mce  versa  during  the  southern  summer.  At  times  the  southern  cap 
is  more  than  1800  miles  across,  and  four  or  five  months  later  it 
sometimes  entirely  disappears. 

Second,  patches  of  bluUh  gray  or  greenish  shade,  covering  usually 
about  three^ighths  of  the  planet's  surface.  They  lie  for  the  most 
part  in  the  southern  hemisphere  and  mainly  in  the  equatorial  region, 
forming,  in  a  small  telescope,  a  sort  of  darkish  belt  around  the 
planet.  These  until  very  lately  have  been  almost  universally  ad- 
mitted to  be  sheets  of  water,  and  have  received  the  names  of  "seas," 
"gulfs,"  etc.  But  recent  observations  make  this  doubtful,  and 
surest  that  they  are  more  probably  regions  covered  with  vegeta- 
tion, and  that  no  great  bodies  of  water  exist  on  Mars. 

Third,  extensive  regions  of  various  shades  of  orange,  covering  more 
than  half  the  surface,  especially  in  the  northern  hemisphere ;  it  is 
generally  agreed  that  these  are  land,  probably  deserts  of  sand  and 
rock. 

Fig.  175  gives  an  idea  of  the  planet's  general  telescopic  appear- 
ance, though  with  no  attempt  at  minute  accuracy.  It  fails  also  in 
not  showing  how  all  the  markings  fade  out  at  some  distance  from 
the  brilliant  edge  of  the  disc,  an  effect  doubtless  due  to  the  planet's 
atmosphere. 

588.  B«oeiit  Diaooreriu.  The  Canals  and  their  "Oemination." 
Oaiet.  Seasonal  Changes.  —  a.  Besides  the  conspicuous  markings 
already  mentioned,  there  are  others,  difficult  to  observe,  but  of  great 
interest  and  significance.     In  1877  and  1879  Schiaparelli  announced 
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the  discovery  of  a  great  nitmber  of  fine,  dark  straight  lines,  oi 
"canals,"  as  he  called  them,  crosaing  the  raddy  portions  of  the 
disc  in  all  directions ;  and  in  1881  he  announced  further  that  many 
of  these  becavie  double  at  times,  like  the  two  parallel  tracks  of  a 
railway.  His  observations  have  since  been  confirmed  and  added  to 
by  variouB  eminent  astronomers  in  Europe  and  America,  especially 
by  Perrotin  at  Nice  and  Lowell  in  Arizona.  But  others,  equally 
eminent  and  apparently  under  equally  favorable  conditions,  f^I  to 
see  the  reported  featui'Ofi.  At  present,  from  nomeious  experiments 
recently  made  upon  maps  and  models  viewed  at  different  distances, 
it  seems  probable  that  illusions  enter  into  the  case  to  some  extent, — 
illusions  resulting  from  the  unconscious  misinterpretation  of  actual 
markings  imperfectly  seen.  The  so-called  "canals"  doubtless  exist, 
though  probably  not  exactly  as  represented  upon  the  map.  There 
are,  however,  special  reasons  to  suspect  the  reality  of  their  "  gemi- 
nation." And  yet  it  is  by  no  means  impossible  that  time  may  bring 
a  complete  confirmation  of  Schiaparelli's  results. 

b.  According  to  several  observers,  especially  the  Flagstaff  astron- 
omers, the  canals  are  not  limited  to  the  ruddy  portions  of  the  sur- 
face, but  in  some  cases  exteiid  across  the  dusky  regions  also.  This 
observation,  if  correct,  is  of  great  importance  in  showing  that  the 
so-called  "seas"  cannot  be  bodies  of  water.  But  it  is  difficult,  and 
needs  to  be  more  fully  confirmed  before  final  acceptance. 

c.  At  the  intersection  of  the  canals  (of  which  over  180  are  now 
catalogued  and  located  on  Mr.  Lowell's  map  of  the  planet)  small, 
round  dark  spots  are  observed  at  certain  times.  These,  at  first  called 
"lakes,"  are  now  regarded  by  him  as  "oases." 

d.  It  is  found  also  that  the  extent  and  darkness  of  the  so-called 
"seas  "  varies  greatly  with  the  Martial  seasons.  Speaking  generally, 
the  "seas"  of  each  hemisphere  are  darker  and  larger  at  the  time 
when  their  respective  polar  caps  begin  to  shrink,  and  they  become 
smaller,  and  more  definite  in  outline  when  the  caps  are  on  the 
point  of  vanishing. 

e.  Mr.  Lowell's  observations  appear  to  show  that  there  are  few 
if  any  high  mountain  peaks  or  ranges,  though  there  are  indications 
of  a  few  elevations  perhaps  two  or  three  thousand  feet  in  height. 
The  planet's  surface  seems  to  be  remarkably  level  as  compared  with 
the  earth's. 

689.  Atmosphere  and  Temperature.  —  At  one  time  it  vas  sup- 
posed that  Mars  possessed  a  very  dense  atmosphere  which  gave  it 
its  ruddy  color ;  but  considerations  based  on  the  planet's  low 
surface  gravity  (not  quite  38  per  cent  of  the  earth's)  as  well  as  the 
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direst  erldenoe  of  obserration,  show  that  thia  cannot  be  the  case. 
There  ie  no  donbt,  however,  that  it  has  some  atmosphere,  since  the 
occasional  presence  of  thin  veils  of  cloud,  as  well  as  the  deposition 
aud  dissipation  of  the  polar  caps,  can  be  explained  only  by  ita 
presence;  but  its  height  and  density  must  be  much  less  than  that 
of  our  own.  Some  of  the  earlier  spectroscopic  observers  considered 
that  they  had  found  certain  evidence  of  the  presence  of  water-vapK>r, 
bnt  later  observations,  especially  those  of  Campbell  at  the  Lick 
Observatory,  lender  the  case  doubtful,  to  say  the  leasb. 

As  to  the  temperature  of  Mars,  we  have  no  certain  knowledge. 
On  the  one  hand  we  know  that  on  account  of  the  planet's  distance 
from  the  sun  the  intensity  of  solar  radiation  upon  its  surface  must 
be  less  than  here  in  the  ratio  of  1  to  (1.621)*,  i.e.,  only  about  43 
per  cent  as  great  qs  with  us:  its  "solar  constant"  must  be  less 
than  10  calories  against  our  21,  Then,  too,  the  low  density  of  its 
atmosphere,  probably  less  at  the  planet's  surface  than  on  the  tops 
of  oar  highest  mountains,  would  naturally  assist  to  keep  down  the 
temperature  to  a  point  far  below  the  freezing-point  of  water.  But 
on  the  other  hand  things  certainly  look  as  if  the  polar  caps  were  really 
masses  of  snow  and  ice  deposited  from  vapor  in  the  planet's  atmos- 
phere, and  as  if  these  actually  melted  during  the  Martian  summer, 
sending  floods  of  water  through  the  channels  provided  for  them,  and 
causing  the  growth  of  vegetation  along  their  banks.  We  are  driven, 
therefore,  to  suppose  either  that  the  planet  has  sources  of  heat, 
internal  or  external,  which  are  not  yet  explained ;  or  else,  as  long 
ago  suggested,  that  the  polar  "snow"  may  possibly  be  composed 
of  something  else  than  frozen  water.  The  problem  is  a  perplexing 
one,  and  it  is  earnestly  to  be  hoped  that  before  very  long  we  may 
oome  into  possession  of  some  heat  measurer  sufficiently  delicate  to 
give  us  direct  evidence  as  to  the  warmth  or  coldness  of  the  planet's 
surface.     (See  also  note  to  Art.  589*",) 

589*.  BpeoulationB  of  Tlammarion  and  Lowell. — These  astronomers, 
and  many  others,  practically  ignore  the  temperature  difficulty,  and  uiihegitat' 
ingly  assume  that  the  polar  caps  are  coniposed  of  biiow  and  ice,  that  tbey 
tnelt  in  spring  and  summer,  and  that  the  water  thua  liberated  makes  its  way 
towards  the  equator  over  the  planet's  mountainles3  plaliis,  partially  obscnr- 
ing  for  several  weeks  the  well-known  features  which  at  other  times  are  con- 
spicuous. According  to  Mr.  Lowell  the  dark  regions  formerly  supposed  to 
be  seas  are  regions,  possibly  marshy,  more  or  less  covered  with  vegetation, 
while  the  ruddy  portions  are  Saharan  deserts  intersected  with  water-channels, 
which  he  regards  as  artificial  (in  part,  at  least)  and  arranged  for  purposes  of 
irrigation.     When  the  water  reaches  these,  verdure  springs  up  along  their 


D.gitizect.yG00glc 


864  MARS. 

course,  and  these  streaks  of  vegetation  are  what  we  recf^nize  as  the  "canaU," 
the  water-channels  themselves  being  far  too  narrow  to  be  visible  in  our  tele- 
acopes.  When  they  cross  each  other  "  oases "  are  formed.  As  to  the 
<■  gemination  "  of  the  canals,  no  clear  explauation  appears  as  jet,  though 
suggestions  have  been  offered  that  it  may  be  due  to  some  mode  of  growth, 
or  some  treatment  of  the  crops  produced  by  the  irrigation. 

089**.    Habitability  of  Kan.  —  It  may  be  said  with  some  coDfidence 

that  on  Mars  the  conditions,  different  as  they  must  be  from  our  own,  are 
still  more  nearly  earthlike  than  on  any  other  of  the  heavenly  bodies  whici 
vx  can  see  with  our  present  telescopes. 

And  yet,  as  already  pointed  out,  unless  the  planet  haa  unknown  sources 
of  heat,  the  temperature'  must  be  too  low  to  permit  anything  like  terrestrial 
life.  Nor,  with  one  possible  exception,  is  there  the  slightest  evidence  of  the 
existence  of  intelligent  beings  upon  it.  Mr.  I^well  ai^ues  from  the  straight- 
ness  of  the  canals  (some  of  them  over  2000  miles  in  length),  and  from  the 
accuracy  with  which  several  of  them  couverge  at  certain  oases,  that  they 
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must  have  been  intelligently  engineered.  (See  Fig.  176.)  If  his  observations 
on  this  point  are  not  illusions  based  on  misconception  his  conclusion  is  per- 
haps not  unnatural  though  by  no  means  necessary ;  hut  where  seeing  is 
diHicult  at  best,  it  is  easy  for  oue  to  imagiue  that  he  sees  what  he  thinks  he 
ought  to  see. 

689*"*.     Maps  of  Han.  —  Numerous  maps  of  the  planet  have 

been  conatriioted  by  various  astronomers  since  the  first  was  drawn 
by  Maedler  in  1830.  Fig.  17C*  is  from  one  published  by  Schiaparelli 
in  1888,  and  shows  most  of  his  canals,  and  the  gemination  of  such 
of  them  as  exhibit  that  phenomenon.     Tliere  can  be  no  doubt  as  to 

t  Mr.  Lowell  concludes  from  an  elaboiate  mattieniaiical  investigation  that  the 
mean  lemperatitre  of  the  planet  is  about  48°  F.  ov  IJ"  C.  This  Is  much  higher 
than  that  considered  in  Art.  689.  The  mean  temperature  of  the  earth  is  osuallj 
taken  as  00°  F. 
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the  substantial  correctness  of  the  principal  featuies,  bnt  as  to  miooi 
details  there  may  be  considerable  uncertainty ;  nor  rouBt  it  be  for- 
gotten that  certain  important  features  notably  change  their  size  and 
appearance  with  the  progress  of  the  planet's  seasons.  In  1904-5 
Lampland  at  Professor  Lowell's  Flagstaff  Observatory  obtained  pho 
tographs  of  the  planet,  which,  for  the  first  time,  show  nearly  all  the 
features  visible  in  ordinary  telescopes.  In  1907  Professor  Todd, 
while  in  charge  of  an  expedition  sent  to  northern  Chile  by  Professor 
Lowell,  obtained  photographs  which  show  many  of  the  canals  and 
suggestions  of  "  gemination." 

890.  Satellites.  —  There  are  two  satellites  which  were  discovered 
in  August,  1877,  by  Professor  Hall  at  Washington,  with  the  then 
new  26-inch  telescope.  They  are  exceedingly  minute,  and  can  be 
seen  only  with  the  most  powerful  instruments.  The  outer  one, 
Deimos,  is  at  a  distance  of  14600  miles  from  the  centre  of  the 
planet,  and  has  a  period  of  30"  18"",  while  the  inner  one,  Phobos, 
is  at  a  distance  of  only  5S00  miles,  and  its  month  is  but  7**  39"  long, 
not  one-third  of  the  day  of  Mars.  Owing  to  this  fact  it  rises  in  the 
west  every  night  for  the  "  Marticoli "  (if  there  are  any  people  there) 
and  sets  in  the  ea»t,  after  about  &p. 

Deimos  does  not  do  this ;  it  rises  in  the  east  like  other  stars,  but 
its  orbital  eastward  motion  among  the  stars  is  so  nearly  equal  to  its 
diurnal  motion  westward,  that  it  is  nearly  132  hours  between  two 
successive  risings.  This  is  more  than  four  of  its  months,  so  that  it 
undergoes  all  its  changes  of  phase  four  times  in  the  interval. 

Of  course,  both  the  satellites  are  frequently  eclipsed.  Theii 
orbits  appear  to  be  exactly  circular,  and  they  move  exactly  in  the 
plane  of  the  planet's  equator ;  and  they  keep  so,  maintained  in  tbeii 
relation  to  the  equator  by  the  action  of  the  "  equatorial  bulge  "  ilpon 
the  planet 

591.  As  givers  of  moonlight  they  do  not  amount  to  much.  Their 
diameters  are  too  small  to  be  measured  with  any  micrometer ;  but 
from  their  apparent  "  magnitude  "  (i.e.,  brightness),  as  seen  from  the 
earth,  and  assuming  that  their  surfaces  have  the  same  reflective 
power  as  that  of  the  planet.  Professor  Pickering  has  estimated  the 
diameter  of  Phobos,  which  is  the  larger  one,  as  about  seven  miles, 
and  that  of  Deimos,  as  five  or  six.  The  light  given  by  Phobos  to 
the  inhabitants  of  Mars  would  be  about  ^  of  our  moonlight;  that 
of  Deimos  about  t^t[.  Mr.  Lowell's  estimates  of  their  diameters 
are  considerably  greater,  — 10  miles  for  Deimos,  and  25  for  Phoboa. 
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The  period  of  Phobos  ia  by  far  the  shortest  period  in  the  solar 
system.  Its  rapidity  of  revolution  raises  important  questions  as  to 
the  theory  of  tiie  development  of  the  solar  system,  and  requires 
modification  of  the  views  which  had  been  held  up  to  the  time  of 
their  discovery.     If  the  nebular  hypothesis  is  true,  a  shortening  of 
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the  satellite's  period,  or  a  lengthening  of  the  planet's  day,  must  have 
occurred  since  the  satellite  came  into  being,  since  that  hypothesis 
will  not  account  for  the  existence  of  a  satellite  having  a  period 
shorter  than  the  diurnal  rotation  of  its  primary.  Fig.  177  is  a 
diagram  of  the  satellite  orbits  aa  they  appeared  from  the  earth  in 
1888.  It  is  reduced  from  the  American  ^Nautical  Almanac  for  that 
year. 

THE  ASTEROroS,  OR  MINOR  PLANETS. 

592.  These  are  a  group  of  small  planets  circulating  in  the  space 
between  Mars  and  Jupiter.  The  name  "asteroid"  was  su^ested 
by  Sir  William  Herschel  early  in  the  century,  when  the  first  ones 
were  discovered.     The  later  term  planetoid  is  preferred  by  some. 

It  was  very  early  noticed  that  there  ia  a  break  in  the  series  of  the 
distances  of  the  planets  from  the  sun.  Kepler,  indeed,  at  one  time 
thought  he  had  discovered  the  true  law*  and  the  real  reason  why 

'  Hia  mpposed  law  was  as  follows :  Imagine  the  Bun  surrounded  bj  a  faollow 
*pherical  ahell,  on  which  Ilea  tlie  orbit  of  the  earth.  Inside  of  this  shell  iDscribe 
ft  regular  ieotahedron  (the  twentj-sided  regular  solid),  and  within  that  inscribe  a 
■econd  sphere.  This  sphere  will  carry  upon  it  the  orbit  of  Venus.  Inside  of  the 
qthere  of  Venus  inscribe  an  ortahedron  (the  eigbt-slded  eoltd),  and  the  sphere 
which  fits  within  it  will  carry  Mercury's  orbit.    Next,  working  outwaida  from  the 


b/Goot^lc 


368  THE   MIMOB   PLANETS. 

the  planets'  distances  are  what  they  are.  This  theory  of  his 
was  broached  twenty-two  years,  however,  before  he  discovered  the 
harmonic  law,  and  he  probably  abandoned  it  when  he  discovered 
the  elliptical  form  of  the  planets'  orbits.  At  any  rate,  in  later  life 
he  Biiggested  that  it  was  likely  that  there  was  a  planet  between 
Mara  and  Jupiter  too  small  to  be  seen. 

The  impression  that  such  a  planet  existed  gained  ground  when 
Bode,  in  1772,  published  the  law  which  bears  his  name,  and  it  was 
still  further  deepened  when,  nine  years  later,  in  1781,  Uranus  was 
discovered,  and  the  distance  of  the  new  planet  was  found  to  con- 
form to  Bode's  law.  An  association  of  twenty-four  astronomers, 
mainly  German,  was  immediately  formed  to  look  for  the  missing 
planet,  who  divided  the  zodiac  between  them  and  began  the  work. 
Singularly  enough,  however,  the  first  discovery  was  made,  not  by  a 
member  of  this  association,  but  by  Fiazzi,  the  Sicilian  astrouomerof 
Palermo,  who  was  then  engaged  upon  an  extensive  star  catalogue. 
On  January  1,  1801,  he  observed  a  seventh -magnitude  star  which 
by  the  next  evening  had  uiiqnestionably  moved,  and  kept  on  moving. 
He  observed  it  carefully  for  some  six  weeks,  when  he  was  taken  ill; 
before  he  recovered,  it  had  passed  on  towards  superior  conjunction,  - 
and  was  lost  in  the  rays  of  the  sun.  He  named  it  Cereg,  after  the 
tutelary  goddess  of  Sicily. 

When  at  length  the  news  reached  Germany  in  the  latter  part  of  March 
it  created  a  great  excitement,  acid  the  problem  now  was  to  rediscover  the 
lost  planet.  The  association  of  planet-hunters  began  the  search  in  Septem- 
ber, as  soon  as  its  elongation  from  the  sun  was  great  enough  to  give  any 
proitpect  of  success.  During  the  summer  Gauss  devised  his  new  method 
of  computing  a  planetary  orbit,  and  computed  the  ephemeris  of  its  path. 
Very  soon  after  receiving  his  resuJla,  Baron  Von  Zsch  rediscovered  Ceres 
on  December  31,  and  Dr.  Olbers  on  the  next  day,  just  one  year  after  it  was 
first  found  by  Piazzi. 

earth's  orbit,  circumscribe  around  the  earth's  sphere  a  dodecahedron,  cItcuid- 

scribing  around  it  another  sphere,  and  this  will  carry  upon  it  the  orbit  of  Mars. 
Around  the  sphere  of  Mare  circumscribe  the  t^aheiron,  or  the  regular  pyia- 
mid.  The  corners  uf  this  EOlid  project  very  fm-,  bo  that  the  sphere  circumscribed 
around  the  tetrahedron  will  be  at  a  very  great  distance  from  the  sphere  of  Hare. 
It  carries  the  orbit  of  Jupit«r.  Finally,  the  cube,  or  heaaheiiroiv,  circumscribed 
around  the  orbit  of  Jupiter,  gives  ns  in  the  same  way  the  orbit  of  Saturn.  We 
thus  obtain  a  series  of  distances  not  enormously  incorrect  (though  by  no  meam 
agreeing  with  fact  even  as  closely  as  does  Bode's  law) ;  and,  moreover,  the  theory 
had  the  great  advantage  to  Kepler's  mind  of  accounting  tor  the  fact  that  there 
are  (so  far  as  was  then  known)  but  seven  planets,  there  being  possible  bat  fine 
regular  solids. 
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593.     In  March,  1802,  Dr.  Olbers,  vho  in  looking  for  Ceres  had 

carefully  examined  tlie  small  stars  in  the  constellation  of  Virgo,  on 
going  over  the  ground  again,  found  a  second  planet,  which  he  named 
Pallas,  a  body  of  about  the  same  brightness  as  Ceres.  Two  having 
now  been  found,  and  Pallas  liaving  a  very  eccentric  and  much  inclined 
orbit,  he  conceived  the  idea  that  they  were  fragments  of  a  broken 
planet,  and  that  other  planets  of  the  same  group  could  probably  be 
found  by  searching  near  the  intersection  of  their  two  orbits.  Juno, 
the  third,  was  discovered  by  Harding  at  Lilienthal  (Schroter's  obser- 
vatory) in  1804;  and  Vesta,  the  largest  and  brightest  of  the  whole 
group  (sometimes  visible  to  the  naked  eye),  was  found  by  Olbers 
himself  in  1807.  The  search  was  kept  up  for  several  years  after 
this,  but  no  more  planets  were  found  because  they  did  not  look  after 
small  enough  stars. 

The  fifth,  Astrtea,  was  discovered  in  1845  by  Hencke,  an  amateur 
astronomer  who  for  fifteen  years  liad  been  engaged  in  studying  the 
smallei  stars  in  hopes  of  just  the  reward  he  captured.  In  1846  no 
asteroid  was  found  (the  discovery  of  Neptune  was  glory  enough  for 
that  year),  but  in  1847  three  more  were  brought  to  light ;  and  since 
then  not  a  year  has  passed  without  adding  from  one  to  a  hundred 
to  the  number.  In  September,  1907,  the  list  given  by  the  "  Rechen- 
institut"  counted  up  635,  duly  identified  and  "numbered,"  with 
about  fifty  more  not  tben  sufficiently  observed  to  warrant  com- 
plete recognition.  Fresh  discoveries  are  made  continually,  though 
the  new  asteroids  are  mostly  veiy  small,  —  stars  fainter  than  the 
twelfth  magnitude,  which  require  a  lai-ge  telescope  to  make  them  even 
visible.   All  the  brighter  ones  have  evidently  been  already  picked  up. 

394.  Hetbod  of  Search.  —  Formerly  the  search  for  these  objects 
was  conducted  by  making  special  star  charts  of  certain  regions  near 
the  ecliptic  selected  by  the  "asteroid-hunter,"  and  afterwards  com- 
paring the  chart  with  the  heavens,  when  interlopers  would  at  once 
be  detected,  and  their  nature  determined  by  their  motion.  The 
operation  was  very  laborious. 

During  1891  a  new  method  of  search  was  introduced.  By  photo- 
graphing^ a  portion  of  the  heavens  with  a  camera  of  wide  field, 
mounted  equatorially  and  moved  by  clock-work,  pictures  are  ob- 
tained in  which  any  planets  present  can  be  easily  distinguished  by 
their  motion  during  the  two  or  three  hours  during  which  the  exposure 
of  the  plate  is  continued  ;  while  the  images  of  stars  are  round,  if  the 
clock-work  runs  correctly,  the  planets  are  apparently  elongated  into 
ttreaka. 

'  See  Addendum  I>,  pape  MO  i. 
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Of  conim,  great  cats  must  be  taken  to  be  snre  that  the  object  diacoTered 
ia  a  rtta  planet,  and  not  one  of  the  multitude  already  kuowD.  Generally  it 
ia  possible  to  decide  yei;  quickly  which  of  the  known  planets  will  be  in 
the  neighborhood,  and  a  rough  computation  will  commonly  decide  at  once 
whether  the  planet  is  new.  Not  alwaya,  however,  and  mistakes  in  this 
regard  are  not  very  unusual. 

The  kno^n  asteroids  have  been  discovered  by  comparatively  a  few  ob- 
servers. Four  persons,  working  by  the  old  method,  have  discovered  more 
than  twenty  each.  Faliaa  of  Vienna  bas  discovered  83 ;  the  late  Dr.  Peters  of 
Clinton,  N.Y.,  52  ;  Luther  of  Duseeldorf,  24 ;  and  the  late  Professor  Watson 
of  Ann  Arbor,  22.  More  recently  Charloia  of  Nice  has  discovered  over  100, 
nearly  all  by  the  photographic  method ;  and  Max  Wolf  of  Heidelberg,  and 
hia  asaiBtanto  a  still  larger  number,  all  by  photc^raphy. 

These  minor  planets  oie  mostly  named,  the  names  being:  derived 
from  mythology  and  legend.  They  are  also  designated  by  numbers, 
andthesymbol  foreach  planet  ie  the  number  written  in  a  circle.  Urns, 
for  Ceres  the  symbol  is  0;  for  Hilda,  (m);  and  so  on. 

A  full  list  of  them,  with  the  elements  of  their  orbita,  is  published  bian- 
nially  in  the  '•  Annuaire  dn  Bureau  des  Longitudes,"  Paris. 

690.  Their  Orbits.  —  The  mean  distance  of  the  different  asteroids 
from  the  sun  varies  greatly  and  the  periods  are  correspondingly 
different.  Hungaria,  (^),  has  the  smallest  mean  distance  (except- 
ing the  recently  discovered  Eros  '),  viz.,  1.94  or  180  000000  miles, 
■with  a  period  of  2^  9°°.  Thule,  (ot),  is  the  remotest,'  with  a  mean 
distance  of  4.30  or  400000000  miles,  and  a  period  of  8^  313^.  Ao- 
oording  to  Svedstrup,  the  mean  distance  of  the  "  mean  asteroid " 
is  2.65  (246000000  miles),  and  its  period  about  4^  years.  Its  dis- 
tance from  the  earth  at  time  of  opposition  would  be,  of  course,  1.65, 
or  163000000  miles. 

The  inclinations  of  their  orbits  average  about  8°;  but  Fallas,  (J), 
has  an  inclination  of  36°,  and  Euphrosyne,  (si),  of  26^°, 

Several  of  the  orbits  are  extremely  eccentric,  .^thra,  (ia),  has 
an  almost  cometary  eccentricity  of  0.38,  and  over  a  dozen  others 
have  eccentricities  exceeding  0.30.  They  are  distributed  quite 
unequally  in  the  range  of  distance,  there  being,  as  Kirkwood  bas 
pointed  out,  very  few  at  such  distances  that  their  periods  would  be 
exactly  commensurable  with  that  of  Jupiter. 

696.  Diameter  and  Surface.  —  These  bodies  are  so  small  that 
micrometrical  measurements  upon  them  are  extremely  difficult,  and 
until  very  recently  our  estimates  of  their  probable  size  have  been 
based  merely  upon  their  brightness.     Pickering,  by  photometrio 

'  See  page  377  for  note  on  Eroa.         *  See  Addendum  D,  page  680t 

Goo'^lc 


AGOBSeATE  MAas.  871 

metlLods,  and  aetummg  an  "  albedo"  the  same  as  that  of  M&tb,  foand 
for  Yesta  (the  only  one  ever  visible  to  the  naked  eye)  a  diameter  of 
319  miles.  In  1894-96,  however,  Mr.  Barnard  with  the  great  Lick 
telescope  succeeded  in  making  micrometric  measuies  of  the  dlsoa  of 
the  four  brightest  with  the  following  rather  surprising  results :  — 
Diameter  of  Ceres,  4g6  miles ;  of  Pallas,  304 ;  of  Juno,  118  ;  and  of 
Vesta,  243.  But  the  percentage  of  probable  error  must  be  pretty  lat^. 
The  suiprise  lies,  of  oourse,  in  the  great  contrast  of  albedo  between 
Vesta  and  the  other  three.  As  to  the  rest  of  the  family,  it  is  hardly 
possible  that  any  one  of  them  can  be  as  much  as  100  mUes  in 
diameter,  and  the  smallest  are  probably  less  than  ten  miles  through, 
—  nothing  more  than  "  monntuns  brdM  loose." 

097.  Maw,  Sensity,  eto.  —  As  to  the  individual  masses  and  densi- 
ties we  have  no  certain  knowledge.  It  is  probable  that  the  density 
does  not  differ  much  from  the  density  of  the  crust  of  the  earth,  or 
the  mean  density  of  Mars.  If  this  is  so,  the  mass  of  Ceres  might 
possibly  be  as  great  as  giAni  °^  ^^  earth.  On  such  a  planet  the 
force  of  superficial  gravity  would  be  about  J^'  of  gravity  on  the 
earth,  and  a  body  projected  from  the  surface  with  a  velocity  of 
about  3500  feet  a  second  —  that  of  an  ordinary  rifle-ball  —  would 
fly  off  into  space  and  never  return  to  the  planet,  but  would  circulate 
around  the  sun  as  a  planet  on  its  own  account  On  the  smallest 
asteroids,  with  a  diameter  of  about  ten  miles,  it  would  be  quite 
possible  to  throw  a  stone  from  the  hand  with  velocity  enough  to 
send  it  off  into  space. 

698.  Aggregate  Kass.  —  Although  we  can  only  estimate  very 
roughly  the  masses  of  the  individual  members  of  the  flock,  it  is  pos- 
sible to  get  some  more  certain  knowledge  of  their  aggregate  mass. 
Leverrier  from  the  motion  of  l^e  line  of  apsides  of  the  orbit  of  Mars 
demonstrated  that  the  whole  amount  of  matter  thus  distributed  in 
the  space  between  Mars  and  Jupiter  cannot  exceed  about  one-fourth 
of  the  mass  of  the  earth.  A  still  later  computation  1^  Raven4  in 
1896,  indicates  a  total  mass  only  about  y|j  as  great  as  the  earth's. 

The  united  maues  of  those  which  are  already  known  would  make  only  a 
my  small  fraction  of  such  a  body.  Up  to  August,  1880,  the  united  bulk  of 
the  asteroids  then  discovered  was  estimated  at  ^^^  part  of  the  earth's  bulk, 
with  a  mass  probably  about  ^^  of  the  earth's.'  Presumably,  therefore, 
the  number  of  these  bodies  remaining  undiscovered  b  exceedingly  great — 

>  Barnard's  measures  (Art.  696)  would  Increase  this  Mtlmate  of  balk  and  mass, 
but  «(»ild  not  aerionsly  affect  the  general  conclusion. 
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to  b«  counted  by  thouaaDcla,  if  not  bj  miUiona.     Most  of  them,  of  coone, 
must  be  much  smaller  than  those  which  ore  already  known. 

599.  PonuB,  Variations  of  Brigrbtneaa,  and  Atmosphere.  —  We 
have  as  yet  only  scanty  knowledge  on  this  point,  but  Dr.  Olbere 
observed  in  Vesta  certain  fluctuations  in  her  brightness  which 
seemed  to  him  to  indicate  that  she  is  not  a  globe,  but  an  angular 
mass,  —  a  splinter  of  rock.  This,  however,  is  not  confirmed  by  the 
more  recent  photometric  observations  of  Mttller  or  Pickering. 

Since  1900,  however,  it  has  been  discovered  by  photometric  methods  that 
some  of  these  bodies  show  regular  variations  of  brightness  recurring  at 
intervals  of  from  5  to  8  hours,  due  probably  to  axial  rotation.  Iris,  (i) ; 
Sirona,(Tii);  Hertha.  (i^) ;  Tercidina,  (aw);  Eros,  (^);  several  others  are 
already  known  to  behave  in  this  way,  and  yet  others  are  suspected. 

600.  Origin.  —  With  reBt)ect  to  this  we  can  only  speculate.  Two 
views  have  been  held,  as  has  been  already  intimated.  One  is,  that  the 
material,  which  according  to  the  nebular  hypothesis  ought  to  have 
been  concentrated  to  form  a  single  planet  of  the  class  to  which  the 
earth  belongs,  has  failed  to  be  so  collected,  and  has  formed  a  flock 
of  small  separate  masses.  It  has  been  generally  believed  that  the 
matter  which  at  present  forms  the  planets  was  once  distributed  in 
rings,  like  the  rings  of  Saturn.  If  so,  this  ring,  or  meteoric  swarm, 
would  necessarily  suffer  violent  perturbations  from  the  nearness  of 
the  enormous  planet  Jupiter,  and  so  would  be  under  very  different 
conditions  from  any  of  the  other  rings.  This,  as  Peiroe  has  shown, 
might  account  for  its  breaking  up  into  many  fragments. 

The  other  view  is  that  a  planet  about  the  size  of  Mars  has  broken 
to  pieces.  It  is  true,  as  has  been  often  urged,  that  this  theory  in  its 
original  form,  as  presented  by  Olbers,  cannot  be  correct.  No  single 
explosion  of  a  planet  could  give  rise  to  the  present  assemblage  of 
orbits,  nor  is  it  possible  that  even  the  perturbations  of  Jupiter  conid 
have  converted  a  set  of  orbits  originally  all  crossing  at  one  point 
(the  point  of  explosion)  into  the  present  tangle.  The  smaller  orbits 
are  so  small  that  however  turned  about  they  lie  wholly  inside  the 
larger,  and  cannot  be  made  to  intersect  them.  If,  however,  we  admit 
a  series  of  explosions,  this  difB.cuIty  is  removed ;  and  if  we  grant 
an  explosion  at  all,  there  seems  to  be  nothing  improbable  in  the 
hypothesis  that  the  fragments  formed  by  the  bursting  of  the  parent 
mass  would  carry  away  within  themselves  the  same  forces  and 
reactions  which  caused  the  original  bursting ;  so  that  they  themselves 
would  be  likely  enough  to  explode  at  some  time  in  their  later  history. 

At  present  opinion  is  divided  between  these  two  theories. 
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601.  I^e  number  of  these  bodies  slreEkdy  known  is  bo  great,  and  the 
prospect  for  the  future  is  so  indefinite,  that  astronomers  are  at  their  wits' 
end  how  to  take  care  of  this  numerous  family.  To  compute  the  orbit  and 
ephemeris  of  one  of  these  little  rocks  is  more  laborious  (on  account  of  the 
great  perturbations  produced  by  Jupiter)  thau  to  do  the  same  for  one  of  the 
major  planets ;  and  to  keep  track  of  auch  a  minute  body  by  observation  is 
far  more  difficult.  Until  recently,  the  German  Jahrliuch  has  been  publish- 
ing the  ephemerides  of  such  as  came  within  the  range  of  observation  each 
year;  but  this  cannot  be  kept  up  nmch  longer,  and  the  probability  is  that 
hereafter  only  the  larger  ones,  or  those  which  present  some  remarkable 
pecaliarity  in  their  orbits,  will  be  followed  up.  One  little  family  of  them, 
however,  is  "endowed."  Professor  Wataon,  at  his  death,  left  a  fund  to  the 
American  National  Academy  of  Sciences  to  bear  the  expense  of  taking  care 
of  the  twenty-two  which  he  discovered. 

INTRA-MERCUBIAL  PLANETS  AND  THE  ZODIACAL  LIGHT. 

It  is  not  at  all  improbable  that  there  are  masses  of  matter  revolv- 
ing around  the  sim  within  the  orbit  of  Mercury. 

60S.  Kotion  of  the  Perihelion  of  Hercory's  Orbit  —  Leverrier, 
in  1859,  from  a  discussion  of  all  the  observed  transits  of  Mercury, 
found  that  the  perihelion  of  its  orbit  has  a  movement  of  neatly  38" 
a  century  over  and  above  what  can  be  accounted  for  by  the  action  of 
the  known  planets,  and  he  calculated  that  it  could  be  explained  by 
the  attraction  of  a  planet,  or  ring  of  small  planets,  revolving  inside 
this  orbit  nearly  in  its  plane,  with  a  mass  about  half  as  great  as  that 
of  Mercury  itself. 

It  could  also  be  explained  on  the  hypothesis  that  the  force  of  gravitation 

instead  of  varying  strictly  as  -^  varies  as      ^^^  ,  where  n  is  an  extremely 

sraatl  quantity ;  also  on  the  hypothesis  that  the  law  of  attraction  is  not 
exactly  the  same  for  bodies  in  motion  as  at  rest,  being  slightly  lets  in  the 
former  case,  —  the  so-called  declro^ynamic  theory  of  gravitation.  But 
Newcomb  finds  that  while  the  motions  of  Mercury's  perihelion  may  be 
explained  io  these  various  ways,  the  motion  of  his  node  (and  that  of  Venus 
also)  appears  to  be  inconsistent  with  the  existence  of  such  a  planetary  ring, 
and  the  subject  is  by  no  means  cleared  up  as  yet. 

603,  Dr.  Lesoarbsalt'i  Obierratlon:  Vulcan.  —  A  certain  country 
physician,  living  some  eighty  miles  from  Paris,  Dr.  Lescarbault,  on  the  pub- 
lication of  Leverrier's  result,  announced  that  he  had  actually  seen  this  planet 
crossing  the  sun  nine  months  before,  on  the  2flth  of  March  of  that  year, 
1859.    He  was  visited  by  Leverrier,  who  became  satisfied  of  the  genuineness 
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of  his  obseiTations,  and  the  doctor  was  duly  congratulated  and  honored  la 
the  discoverer  of  "Vulcan,"  which  name  was  aaeigned  to  the  supposed  new 
planet.  An  interesting  account  of  the  matter  may  be  found  in  Chiunbera' 
"  Descriptive  Astronomy  " ;  and  in  many  of  the  works  published  from  twenty 
to  twenty-five  years  ago,  as  well  as  in  some  more  recent  ones,  "Vulcan"  is 
assigned  a  place  in  the  solar  eyetem,  with  a  distance  of  about  13  000000 
miles  and  a  period  of  19  -)-  days.  Lescarbault  described  it  as  lumiig  an 
apparent  diameter  of  about  7",  which  would  make  it  over  2500  miles  in 
diameter. 

604.  NeverthelesB,  it  b  nearly  certun  that  Vulcan  does  not  exist. 
There  are  various  opinions  which  we  need  not  here  discuss  as  to  the  ex- 
planation of  this  pseudo-discovery.  But  the  planet,  if  real,  ought  since 
1859  to  have  been  visible  on  the  sun's  face  at  certain  definite  times  which 
I>everrieT  calculated  and  published ;  and  it  has  never  been  seen,  though 
very  carefully  looked  for.  Small,  round,  dark  objects  have  from  time  to 
time  been  indeed  reported  on  the  buu'b  disc,  which  in  the  opinion  of  the 
observers  at  the  time  were  not  eun  spote  ;  but  most  of  these  observations 
were  made  by  amateurs  with  comparatively  little  experience,  with  small 
telescopes,  and  with  no  measuring  apparatus  hy  which  they  could  certainly 
determine  whether  or  not  the  spot  seen  moved  like  a  planet.  In  most  of 
these  cases  phott^aphs  or  simultaneous  observations  made  elsewhere  by 
astronomers  of  established  reputation,  and  having  adequate  apparatus,  have 
proved  that  the  problematical  "dote"  were  really  nothing  but  ordinary 
small  sun  spote,  and  the  probability  is  that  the  same  explanation  applies  to 
the  rest. 

605.  Eclipse  ObBerrations.  —  A  planet  large  enough  to  be  seen 
distinctly  on  the  sun  by  a  2^inoh  telescope,  such  ae  Lescarbault 
used,  would  be  a  conspicuous  object  at  the  time  of  a  solar  eclipse, 
and  most  careful  searoli  bas  been  made  for  the  planet  on  such  occa- 
sions ;  but  so  far,  although  stars  of  the  third  and  fourth  magnitudes, 
and  even  of  the  fifth,  have  been  clearly  seen  bj  the  observers  within 
a  few  degrees  of  the  eclipsed  sun,  no  planet  has  been  found. 

One  apparent  exception  occurred  in  1878.  During  the  eclipse  of  that 
year,  Professor  Wateon  observed  two  sterlike  objecte  (of  the  fourth  magni- 
tude), which  he  thought  at  the  time  could  not  be  identified  with  any  known 
stars  consistently  with  his  observations.  Mr.  Swift,  also,  at  the  same  eclipse, 
reported  the  observations  of  two  br^ht  pointe  very  near  the  sun  ;  but  these 
from  his  statement  could  not  (both)  have  been  identical  with  Watson's  stare. 
Later  investigationa  of  Dr.  Peters  have  shown  that  the  assumption  of  a 
very  small  and  very  likely  error  in  Professor  Watson's  circle-readings 
(which  were  got  in  a  very  ingenious,  but  rather  rough  way,  without  the 
use  of  graduations)  would  enable  his  stars  to  be  identified  with  $  and  { 
Cancri,  and  it  is  almost  certein  that  these  were  the  stars  he  saw.    Mr. 


D.gitizect.yG00glc 


THE  ZODIACAL  LIGHT.  B76 

Swift's  observationB  remun  unexplained.  With  this  exception,  the  eclipse 
observations  all  give  negative  results,  and  astronomerB  generally  are  now  dia- 
posad  to  consider  the  "Vulcan  question"  as  settled  definitely  and  adversely. 

606.  At  the  same  time  it  Ib  extremely  probable  that  there  are  a 
Qumber,  and  perhaps  a  very  great  number,  of  intra^Mereurial  (ute- 
roids.  A  body  two  hundred  miles  in  diameter  near  the  eun  would 
have  an  angular  diameter  of  only  about  i",  as  seen  from  the  earth, 
and  would  not  be  easily  visible  on  the  sun's  disc,  except  with  very 
large  telescopes.  It  would  not  be  at  all  likely  to  be  picked  up  acci- 
dentally. Objects  with  a  diameter  of  not  more  than  forty  or  fifty 
miles  would  be  almost  sure  to  escape  observation,  either  at  a  transit 
or  during  a  solar  eclipse  unless,  possibly,  by  photography. 

607.  Zodlaeal  Lig^ht.  —  This  is  a  faint,  pyramidal  huce  of  light  that 
extends  from  the  sun  along  the  ecliptic.  In  the  evening  it  is  best  seen  in 
February,  March,  and  April,  because  the  portion  of  the  ecliptic  which  lies 
east  of  the  sun's  place  is  then  most  nearly  perpendicular  to  the  western 
horizon.  During  the  autumnal  months  the  zodiacal  light  is  best  seen  in  the 
morning  sky  for  a  similar  reason.  In  our  latitudes  it  can  seldom  be  traced 
more  than  90°  or  100°  from  the  sun  ;  but  at  high  elevations  within  the 
tropics  it  is  said  to  extend  entirely  across  the  sky,  forming  a  complete  ring, 
and  there  is  SEud  to  be  in  it  at  the  point  exactly  opposite  to  the  sun  a  patch 
a  few  degrees  in  diameter  of  slightly  brighter  luminosity,  called  the  "  Gegen- 
schein  "  or  "  counter-glow." 

The  portions  of  this  object  near  the  sun  are  reasonably  bright,  and  even 
conspicuous  at  the  proper  seasons  of  the  year ;  but  the  more  distant  portions 
in  the  neighborhood  of  the  "  counter-glow  "  are  so  extremely  faint  that  it  is 
only  possible  to  observe  them  at  a  distance  from  cities  and  large  towns,  in 
places  where  the  air  is  free  from  smoke,  and  where  the  darkness  of  the  sky 
is  not  affect«d  by  the  general  illumination  due  to  gas  and  electric  lights. 

Its  spectrum  has  been  observed  by  Wright  of  New  Haven  and  others, 
and  appears  to  be  continuous,  showing  no  bright  lines  —  it  is  too  faint  to 
show  the  dark  lines  of  the  solar  spectrum  if  they  are  really  present,  as  is 
very  probably  since  the  light  appears  to  be  partially  polarized  as  if  refiected 
from  minute  particles. 

It  has  often  been  stated  that  the  spectrum  of  the  zodiacal  light  shows  the 
same  bright  line  which  characterizes  that  of  the  Aurora  Borealis :  this  is  a 
mistake. 

008.  'Hie  cause  of  the  phenomenon  is  not  certainly  known,  but  at  pres- 
ent the  theory  most  generally  accepted  attributes  it  to  lunlight  reJUcted  by 
nyriadi  of  mall  meteoric  bodies  which  are  revolving  around  the  sun  nearly  in 
the  plane  of  the  ecliptic,  forming  a  thin,  flat  sheet  like  one  of  Saturn's  rings, 
and  extending  far  beyond  the  orbit  of  the  earth.    It  may  be  tliat  the  denser 
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portion  of  this  meteoric  ring  within  the  orbit  of  Mercury  is  the  etate  of  the 
motion  of  the  perihelion  of  that  planet  which  Leverrier  detected  ;  it  is  for 
this  resaon  that  we  deal  with  the  subject  here  rather  than  in  connection  with 
meteore.  While  this  theory,  however,  is  at  present  more  generally  accepted 
than  any  other,  it  cannot  be  said  to  be  eatablished.  Some  are  disposed  to 
consider  the  zodiacal  light  as  a  mere  extension  of  the  sun's  corona,  whatever 
that  may  be. 


Exercises  on  Ghaptek  XV. 

'  1.  On  May  2,  1896,  the  apparent  semi-diameter  of  Jupiter  was  IT'.lb,  its 
distance  from  the  earth  being  at  that  time  6.431  Astron.  units.  Required 
the  planet's  diameter  compared  with  that  of  the  earth. 

Hemembet  thM  Uie  K>Ur  parsUax,  8".S0,  li  Um  mdm  u  the  earth'*  (enJ-dluwMi  m«b 
from  dlitance  iinitj. 

Am.  "omT  ^  5.481,  or  10.95  times  diameter  of  the  earth. 

^  3.  Assuming  the  preceding  measure  as  exact,  what  oi^ht  to  be  the 
apparent  semi-diameter  of  the  planet  when  at  a  distance  of  4.25? 

Am.  22".68. 

*  3^  What  must  be  the  moss  of  the  earth  to  make  the  moon  revolve  around 
it  with  the  same  period  as  now,  but  at  twice  its  present  distance?  (See 
Art  537.) 

Make  B  the  preient  mu  at  the  earth,  and  £'  the  reqnired  raHi,  and  apply  the  eqnatloa 
gfren  la  Art.  S3T. 

An».    E'  =  8E. 

'  4.  How  much  must  the  mass  of  the  earth  be  increased  to  make  the 
moon,  at  its  present  distance,  revolve  in  two  days? 

Am.   E'^EX  (^^y,  =  186.8  E. 

6.  What  reduction  of  the  earth's  mass,  suddenly  produced,  wonld  relea»e 
the  moon,  {.«.,  transform  her  orbit  into  a  parabola  or  hyperbola? 

Am.   Any  reduction  exceeding  60  per  cent 

6.   At  what  rate  does  the  elongation  of  Venus  from  the  snu  change  at  oi 
iT  the  time  of  superior  conjunction  ?    (See  Art,  684.) 

1  hourly,  or 
4  daily. 


<  38".81  hou 
'■tl5'81".4d 
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7.  At  vhat  rate  does  Venus  appear  to  cross  the  son's  disc  during  a 
toualt!     CScArt.575).  ^„.  2«- 1«,  hour. 

8.  At  what  ratefl  does  Mara  advance  when  at  conjunction,  and  retrograde 
at  opposition  ? 

(  At  conjunction,  42'.43  dailj  advance. 
\  At  opposition,  21'.43  daily  regression. 


NoTB  TO  Art.  678. 

The  ofaservution  of  FrofesBor  Lyman  was  repeated  by  Ruwell  at  Princeton  In 
Deoember,  1896. 

Hltf  investigations  indicate  that  reaction  plays  a  comparatively  small  part 
ia  the  formaUon  of  the  luminous  ring,  which  appears  to  be  mainly  due  to 
dtlRuMm  of  light,  like  thai  which  produces  our  own  twilight.  If  due  to  refrac- 
tion, the  ring  should  be  widest  and  hright«Gt  on  the  side  of  the  planet  farthest 
from  the  sun,  while  tlie  reveise  is  the  case. 

Nor  do  they  furcish  any  ei-idence  that  the  planet'H  atmosphere  is  more  dense 
or  extensive  than  the  earth's,  but  rather  the  contrary ;  as  might  be  expected 
eonaidering  her  smaller  mass,  and  probably  higher  temperature. 

Note  to  Art.  606. 

EE08.  The  planet  Eros,  (tii),  is,  in  many  waya,  the  most  intereettng  of  the 
Asteroid  gronp  thus  far  known.  It  was  discovered,  photographically,  by  Witt 
of  Berlin,  in  August,  1898,  and  at  once  attracted  attention  by  its  rapid  motion. 
Its  mean  distance  from  the  sun  Is  not  quite  136,460000  miles,  —  less  than  that 
ol  Mars,  and  ilfi  period  is  64.t  days.  The  eccentricity  of  its  orbit  is  0.22.3,  so 
that  its  aphelion  distance  is  166,870000  miles,  and  lis  perihelion  distance, 
106,290000,  exceeding  the  mean  distance  of  the  earth  by  only  about  12  million 
miles.  The  orbits,  however,  are  so  situated  that  it  cannot  come  nearer  than 
\^  million.  StiU  this  is  only  a  litUe  more  than  half  the  least  distance  ol 
Venus,  and  obserrations  of  Eros,  made  at  such  a  time  of  closest  approach,  will 
fomlsh  by  far  the  most  precise  means  known  for  determining  the  solar  parallax. 
Unfortunately  these  close  oppoeitions  are  rare :  one  occurred  in  183i  (before  the 
l^net  was  discovered),  and  another  such  opportunity  will  not  occur  until  the 
year  1931 ;  though  in  1901  the  conditions  were  far  better  than  usual,  and  better 
than  they  will  be  again  until  1031  and  1938. 

The  inclination  of  the  planet's  orbit  is  nearly  11°,  and  when  nearest  the 
earth,  as  In  1804,  it  goes  into  circnmpolar  declinations,  and  at  the  time  of  oppo- 
sition it  moves  almost  directly  south,  Ita  motion  in  right-ascension  being  very 
sllghL 

The  planet  la  extremely  small,  probably  not  exceeding  20  miles  in  diameter, 
and  seldom  visible  except  in  the  largest  telescopes,  though  when  nearest  it  is 
just  possible  that  It  may  reach  the  naked-eye  limit.  As  already  stated  it  ex- 
hibits at  times  regular  variations  of  brightness  apparently  indicating  a  rotation- 
period  of  6^  IS",  though  a  different  explanation  is  possible. 
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CHAPTER  XVI. 

THB   PLASBTB    CONTINUED. — THE   MAJOR   PLANETS:    JTJPITEB, 
BATUBN,   VKANUS,   AfID  NEPTUNE. 

JUPITER. 
609.  While  this  planet  is  not  so  brilliant  as  Venus  at  her  best, 
it  stands  next  to  her  in  this  respect,  being  on  the  average  abont  five 
times  brighter  than  Sirius,  the  brightest  of  the  fixed  stars.  Jupiter, 
moreover,  being  a  "superior"  planet,  is  not  confined,  like  Venus, 
to  the  neighborhood  of  the  sun,  but  at  the  time  of  opposition  is  the 
chief  ornament  of  the  midnight  sky. 

810.  Orbit. — The  orbit  presents  no  marked  peculiarities.  The 
mean  distance  of  the  planet  fVom  the  sun  is  483,000000  miles.  The 
eccentricity  of  the  orbit  being  nearly  ^  (0.04825) ;  the  greatest  and 
least  distances  vary  by  about  21,000000  miles  each  way,  making 
the  planet's  greatest  and  least  distances  from  the  sun  504,000000 
and  462,000000  miles  respectively.  The  average  distance  of  the 
planet  from  the  earth  at  opposition  is  390,000000,  wliile  at  conjunc- 
tion it  is  576,000000  miles.  The  minimum  opposition  distance  is 
only  369,000000,  which  is  obtained  when  the  opposition  occurs  about 
October  6,  Jupiter  being  in  perihelion  when  its  heliocentric  longi- 
tude is  about  12°.  At  an  aphelion  opposition  (In  April)  the  distance 
is  42,000000  miles  greater;  that  is,  411,000000. 

The  relative  brightness  of  Jupiter  at  an  average  conjunction  and 
at  the  nearest  and  most  remote  oppositions  is  respectively  as  the 
-^  numbers  lO,  27,  and  18.  The  average  brightness  at  opposition  is, 
therefore,  more  than  double  tliat  at  conjunction ;  and  at  an  October 
opposition  the  planet  is  fifty  per  cent  brighter  than  at  an  April  one. 
The  differences  are  considerable,  but  far  less  important  tliaii  in  the 
case  of  Mara,  Venus,  and  Mercury. 

The  inclination  of  the  orbit  to  the  ecliptic  is  small,  —  only  l**  19'. 

611.  Pariod. — The  aidereal  period  is  11.86  years,  and  the  mptodie 
Is  399  days  (a  number  easily  remembered),  a  little  more  than  a  year 
and  a  month.  The  planet's  orbital  vekjoity  is  about  eight  miles  a 
second. 
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618.  mOMIudoiU.  —  The  plartefa  appareia  diameter  varies  from 
50"  at  an  October  opposition  (or  45}"  at  aa  April  one)  to  33"  at 
ooajanction.  The  form,  however,  of  the  planet's  disc  is  not  truly 
circular,  the  polar  diameter  being  about  -^  part  less  than  the  equa- 
torial, eo  that  the  eye  notices  the  oval  form  at  once.  The  equa- 
torial diameter  in  mUea  ia  90190,  the  polar  being  84570.  Its  mean  * 
diameter,  therefore,  is  88300, — almost  eleven  times  that  of  the 
earth. 

This  makes  its  surface  119  times,  and  its  volume  1300  times,  that 
of  tbe  earth.  It  is  by  far  the  lai^est  of  the  planets  in  the  system ; 
hi  fact,  whether  we  r^ard  its  bulk  or  its  mass,  loiter  than  all  the  rest 
put  together. 

613.  Kaoi,  Deniity,  etc.  —  Its  mass  is  very  accurately  known, 
both  by  the  motions  of  its  satellites,  and  the  perturbations  of  the 
asteroids.  It  is  ttj^t.j  of  the  sun's  mass,  or  very  nearly  318  times 
that  of  the  earth.  Comparing  this  with  its  volume,  we  find  its  density 
0.24,  less  than  \  tbe  density  of  tbe  earth,  and  almost  precisely  ibe 
same  as  that  of  the  sun.  Its  mean  superficial  gravity  comes  out  2.64 
times  that  of  the  earth ;  that  is,  a  body  on  Jupiter  would  weigh  2^ 
times  as  much  as  upon  the  surface  of  the  earth ;  but  on  account  of 
the  rapid  rotation  of  the  planet  and  its  ellipticity  there  is  a  very  con- 
siderable difference  between  the  force  of  gravity  at  the  equator  and 
at  the  pole,  amounting  to  ^  of  the  equatorial  gravity.  (On  the  earth 
tbe  di&erence  is  only  y^.) 

614.  Fhasei  and  Albedo. — 'Its  orbit  is  so  much  tai^r  than  that 
of  the  earth  that  the  planet  shows  no  sensible  phases,  even  at  quadra- 
ture, thoijgh  at  that  tdme  tbe  edge  farthest  from  the  sun  shows  a 
slight  darkening. 

The  reflecting  power,  or  Albedo,  of  the  planef 8  surface  is  very 
high, — 0.62  according  to  Z311ner,  that  of  white  paper  being  only 
0.78.  The  centre  of  the  disc  of  this  planet  (and  the  same  is  also 
true  of  Saturn)  is  considerably  brighter  than  the  limb — just  the 
reverse,  as  will  be  remembered,  from  the  condition  of  things  upon 
the  moon,  and  upon  Mars,  Yenus,  and  Mercury.  This  peculiarity 
of  a  darkened  limb,  in  which  Jupiter  resembles  the  sun,  baa  sug- 

■  The  memn  diuneUr  of  ui  obUte  fpberoid  ii  ^^^>  not  ^^     Of  the  three 
lie*  of  Bjmtaetrj  which  crou  at  right  anglei  at  the  planeft  cenUe,  mm  1*  llM 
on,  and  both  the  other*  are  eqoatorUl. 
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gested  tlie  idea  that  it  is  to  some  extent  self-luminota.  This,  how- 
ever, is  not  a  necesaary  conaeqaence,  as  a  nearly  transparent  atmos- 
phere overlying  a  uniformly  reflecting  surface  would  prodace  Uka 
same  effect. 

The  light  which  the  planet  eniit«,  if  it  emits  any,  most  be  very 
feeble  as  compared  with  sunlight,  since  the  satellites,  when  tfaey  are 
eclipsed  by  entering  the  shadow,  become  totally  invisible. 

618.  Axial  Sotation. — The  planet  rotates  on  its  axis  in  tdxnu 
d^  55".  The  time  can  be  given  only  approximately,  not  becaose 
it  is  difficult  to  find  and  observe  distinct  markinga  on  the  planefa 
disc,  but  simply  because  different  results  are  obtained  fh)m  differ- 
ent spots,  according  to  their  nature  and  their  distance  from  the 
planet's  equator.  Speaking  generally,  spots  near  the  equator  indi- 
cate a  shorter  day  than  those  in  higher  latitudes,  and  certain  smsU, 
sharply  defined,  bright,  white  spots,  such  as  are  often  seen,  give  a 
quicker  rotation  than  the  dark  markings  in  the  same  latitude. 

According  to  Williams  there  are  st  least  nine  "belts"  of  atmospheric 
current  on  Jupiter,  clearly  distinct  from  each  other ;  the  Bwift«at,  at  the 
equator,  has  a  rotation-period  of  only  9''  50™  20',  while  that  of  the  slowest 
is  911  56<°.  The  great  red  spot  has  given  values  ranging  from  O**  55"  34*.9 
(in  1879)  to  9"  SS"  40'.7  (in  1886),  and  fth  SS"  41'.5  (in  1906).  The  in- 
crease has  been  unmistakable,  and  is  not  due  to  any  uncertain^  in  the 
observations. 

816.  The  Axis  of  Rotatioii  and  the  Seasoni.  —  The  plane  of  the 
equator  is  Inclined  only  3°  to  that  of  the  orbit,  so  that  as  far  as  the 
sun  is  concerned  there  can  be  no  seasons.  The  heat  and  light 
received  from  the  sun  by  Jupiter  ai-e,  however,  only  about  ^  as 
intense  as  the  solar  radiation  at  the  earth,  its  distance  being  5.2 
times  as  great. 

617.  Teleseopic  Appearance.  —  Even  In  a  small  telescope  tiie 
planet  is  a  beautiful  object.  When  near  opposition  a  magnifying 
power  of  only  40  makes  its  apparent  size  equal  to  that  of  the  full 
moon  (though,  as  remarked  in  connection  with  Venus,  no  novice 
would  receive  that  impression) ,  and  with  a  telescope  of  8  or  10  inches 
aperture,  and  with  a  magnifying  power  of  300  or  400,  tbc  disc  is 
covered  with  an  infinite  variety  of  beautiful  and  interesting  details 
which  rapidly  shift  under  the  observer's  eye  in  consequence  of  the 
planet's  swift  rotation.  The  picture  is  rich  in  color,  also,  browns  and 
Tcds  predominating,  in  contrast  with  olive^^reens   and  occasional 
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pnrples ;  but  to  bring  out  the  colors  well  and  clearly  requires  large 
instruments.  For  the  most  part  the  markings  are  arranged  in  streaks 
more  oi  less  parallel  to  the  planet's  equator,  as  shown  by  Fig.  17S. 
With  a  small  telescope  the  markings  usually  reduce  to  tvo  dark  and 
comparatively  well-defined  belts,  one  on  each  side  of  the  equator, 
occupying  about  the  same  regions  of  latitude  that  the  trade-wind 
zones  do  upon  the  earth ;  and  very  likely  in  Jupiter's  case  similar 
atrial  currents  have  something  to  do  with  the  appearance,  though 
upon  Jupiter,  as  has  been  already  said,  the  solar  heat  is  a  compara^ 


tively  unimportant  factor.  The  markings  upon  the  planet  are  almost, 
if  not  entirely,  atmospheric,  as  is  proved  by  the  manner  in  which 
they  change  their  shapes  and  relative  positions.  They  are  cloud 
forms.  It  is  hardly  probable  that  we  ever  see  anything  upon  the 
sohd  surface  of  the  planet  underneath,  nor  is  it  even  certain  that 
the  planet  has  anything  solid  about  it.  In  Fig.  178,  the  upper 
left-hand  figure  is  from  a  drawing  by  Trouvelot  made  in  February, 
1872 ;  the  second  is  by  Vogel  in  1880.  The  small  one  below  repre- 
sents the  planet  as  seen  in  a  small  telescope. 

816.    The  Great  Sed  Spot. — While  moat  of  the  markings  on  the 
planet  are  evanescent,  it  is  not  so  with  all.     There  are  some  which 
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aie  at  least  "  sab-perm  anent,"  and  continue  for  years,  not  Tithoat 
change  indeed,  but  with  only  slight  changes.  The  "  great  red  spot " 
is  the  most  remarkable  instance  so  far.  It  seems  to  have  been  first 
observed  by  Prof.  C.  W.  Pritchett  of  Glasgow,  Miasouri,  in  July, 
1878,  as  a  pale,  pinkish,  oval  spot  some  13"  in  length  by  3"  in 
width  (30,000  miles  by  7000).  Within  a  few  months  it  had  been 
noticed  by  a  considerable  number  of  other  observers,  though  at  first 
it  did  not  attract  any  special  attention,  since  no  one  thought  of  it  as 
likely  to  be  permanent.  The  next  year,  however,  it  was  by  far  the 
most  conspicuous  object  on  the  planet.  It  y/as  of  a  clear,  strong 
brick-red  color,  with  a  length  fully  one-third  the  diameter  of  the 
planet  and  a  width  about  one-fourth  of  its  length. 

For  two  or  three  years  it  remained  without  much  change;  in  1882-83 
it  graduaUy  faded  out ;  in  1885  it  had  become  a  pinkish  oval  nn^,  the 
central  part  being  apparently  occupied  with  a  white  cloud.  In  1886  it  wu 
again  a  little  stronger  in  color,  and  the  same  in  1887, —  an  object  not  di& 


Fro.  im—Jopltet'i"  Bad  Spot.  ■■    From  Dnwlngs  b;  Mr.  Damlnc.    lS80-». 

cult  to  see  with  a  large  telescope,  but  the  merest  ghost  of  what  it  wa«  in 
1880,  It  still  persists  (1908),  though  extremely  faint,  having  shortened 
up  a  little  and  lost  its  pointed  ends.  It  lies  at  the  southern  edge  of  the 
Bonthern  equatorial  belt,  in  latitude  about  30°,  and  for  some  reason  the  belt 
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■eenu  to  be  "  notcbed  out "  for  it  Even  when  the  spot  was  palest  its  place 
was  always  evident  at  onoe  from  the  indentation  in  the  outline  of  the  belt. 

It  lies  in  an  atmoepheric  belt  vbich  has  a  rotation-period  22  seconds 
shorter  than  its  own,  so  that,  to  quote  the  expression  of  Williams,  it  "emerges 
like  an  island  in  a  liver,"  the  current  drifting  past  it  at  a  rate  of  12  or  16 
milea  an  hour. 

Such  phenomena  ai^gest  abundant  matter  for  speculation.  It  must  suffice 
to  say  that  no  satisfactory  explanation  of  the  phenomena  has  yet  been  pre- 
sented. The  unquestionable  fact  before  mentioned  (Art  615),  that  the 
time  of  rotation  of  the  spot  has  changed  by  more  than  6',  greatly  complicates 
the  subject  Fig.  179,  from  the  drawings  of  Hr.  Denning,  represents  the 
appearance  of  the  spot  at  four  different  dates;  viz.,  1,  1880,  Nov.  19;  2, 
1883,  Oct  SO  ;  S,  1884,  Feb.  8 ;  i,  1886,  Feb.  26. 

619.  Temperature  and  Phyiioal  Conttitatioii.  —  The  rapidity  of 
the  changes  upon  the  visible  surface  implies  the  expenditure  of  a 
ooBsiderable  amount  of  beat,  and  since  the  heat  received  from  the 
son  is  too  small  to  account  for  the  phenomena  which  we  see,  Z5llnet, 
thirty  years  ago,  following  the  suggestions  of  Buffon  and  Kant, 
practically  demonstrated  that  it  moat  come  from  within  the  planet, 
and  that  in  all  probability  Jupiter  is  at  a  temperature  not  much 
short  of  incandescence,  —  hardly  yet  solidified  to  any  considerable 
extent.  Most  astronomers  suppose  the  visible  features  on  the 
planef  B  surface  to  be  purely  atmospheric,  but  Hough  considers  that 
we  see  the  paaty,  semi-liquid  surface  of  the  globe  itself. 

680.  Atmuphen.  — As  to  the  composition  of  the  planet's  atmos- 
phere,  the  spectroscope  gives  us  rather  surprisingly  little  informa- 
tion. Wb  get  from  the  planet  a  good  solar  spectrum  with  the  solar 
lines  well  marked,  but  there  are  no  well-defined  absorption  bands 
due  to  the  action  of  the  planet's  atmosphere.  There  are,  however, 
some  tkadinga  in  the  lover  red  portion  of  the  spectrum  that  are 
probably  thus  caused.  The  light,  for  the  moat  part,  seems  to  come 
from  the  upper  surface  of  the  planet's  envelope  of  clouds  without 
having  penetrated  to  any  depth. 

Spectroscopic  observations  upon  the  relative  shift  of  the  dark  linea  in  the 
spectrum  at  the  eastern  and  western  limbs,  give  a  very  fair  determination 
of  its  rotation-period  (by  Doppler'a  principle). 

62L  Satellite  System.  ^  Jupiter  has -seven'  satellites,  —  four  of 
them  the  first  heavenly  bodies  ever  discovered — the  first  revelation 
of  Galileo's  telescope.  His  earliest  observation  of  them  was  on 
Jan.  7, 1610,  and  in  a  very  few  weeks  he  had  ascertained  their  true 
character,  and  determined  their  periods  with  an  accuracy  which  is 
1  For  the  sixth  and  seventh  satellites,  see  note  on  page  406. 
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surprisiDg.  The  number  of  the  heavenly  bodiee  was  now  no  longer 
"  'swetf,  and  the  discovery  excited  among  churchmett  and  schoolmen 
a  great  deal  of  angry  incrednlity  and  vituperation.  Galileo  called 
them  "the  Medicean  stare." 

These  four  are  nsuall;  known  as  the  first,  second,  etc.,  in  the 
order  of  distance  from  the  primary,  but  they  also  have  names  which 
are  sometimes  used;  vix.,  lo,  Europa,  Ganymede,  and  Gallisto, 
Their  relative  distances  range  between  262000  and  1 169000  miles, 
being  very  approximately  6,  9,  15,  and  26  radii  of  the  planet.  Tbeir 
sidereal  periods  range  between  1**  18^"  and  16**  16}*. 

The  fifth  satellite  was  discovered  by  Mr.  Barnard  at  the  Lick 
Observatory  in  September,  1892.  It  is  extremely  small,  and  so  uear  the 
planet  that  it  is  exceedingly  difficult  to  see,  and  quite  out  of  reach  of 
any  telescopes  less  than  18  or  20  inches  in  aperture.  Its  distance  from 
the  planet's  centre  is  about  112500  miles,  and  its  period  11"  57.4°. 

The  orbits  of  all  five  of  these  satellites  are  almost  circular,  and  lie 
very  nearly  in  the  plane  of  Jupiter's  equator. 

The  satellites  slightly  diatnrb  each  other's  motions,  and  from  these 
disturbances  their  masses  can  be  ascertaioed  in  terms  of  the  planet's  man. 
The  third,  which  is  much  the  largest,  has  a  mass  of  about  yy^gc  of  the 
planet's,  a  little  more  thau  double  the  mass  of  oar  owa  moon.  The  mass 
of  the  first  satellite  appears  to  be  a  little  leas  than  J  as  much.  The  second 
is  somewhat  larger  than  the  first,  and  the  fourth  is  about  balf  as  large  as  the 
third ;  i.e.,  it  has  about  the  mass  of  our  own  moon.  The  densities  of  the 
first  and  fourth  appear  to  bs  not  very  different  from  that  of  the  planet  itself, 
while  the  densities  of  the  second  and  third  are  considerably  greater. 

822.  Selation  between  Xean  Motioni  and  Lon^tndes  of  the 
SatflllitM.  —  In  consequence  of  their  mutual  interaction  a  curious  relation 
(discovered  by  La  Place)  eiists  between  the  mean  motions  of  the  first  three 
satellites.  The  mean  motion  is  of  course  360°  divided  by  T  (T  being  the 
satellite's  period).  It  appears  that  the  mean  motion  of  the  first  plus  twice 
the  mean  motion  of  the  third  equals  three  times  that  of  the  second,  or 


A  similar  relation  holds  for  their  longitudes : 

£,  +  2Z,  =  3Z,,  +  180O; 
so  that  they  cannot  all  three  come  into  opposition  or  conjunction  with  the 
sun  at  once.  These  relations  are  permanently  maintained  by  their  mutual 
attractions :  exactly  in  the  long  run,  though  there  are  slight  perturbations  pro- 
duced by  the  fourth  satellite  which  disturb  the  arrangement  slightly  for  short 
periods.     The  fourth  and  fifth  satellites  do  not  come  into  the  arrangement 
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633.  Diameters,  etc.  —  The  diameter  of  the  first  satellite  is  a  little 
more  than  2400  miles ;  the  second  is  almost  exactly  the  size  of  our  own 
moon,  I.e.,  between  21D0  and  2200  miles ;  and  the  third  and  fourth  have  diam- 
Btera,  respectively,  of  3600  and  3000  miles,  the  third,  Ganymede,  being  much 
larger  than  either  of  hia  sistere.  When  Jupiter  is  in  opposition,  the  fourth 
satellite  is  sometimes  nearly  10^'  away  from  the  planet,  or  ^  of  the  moon's 
diameter ;  and  in  very  clear  air  can  be  seen  by  a  sharp  eye  without  telescopic 
aid.  The  third,  though  much  larger,  never  goes  more  than  6'  from  the 
planet,  and  it  is  perhaps  doubtful  whether  it  is  ever  seen  with  the  naked  eye, 
unless  when  the  fourth  happens  to  be  close  beside  it.  A  good  opera-glass 
will  easily  abow  them  all  as  minute  points  of  light.  The  fifth  (new)  satellite 
can  hardly  exceed  100  miles  in  diameter. 

824.  BrightneH.  —  Since  the  smilight  of  Jupit«r  ia  only  ^  as  intense 
as  ours,  the  moonlight  made  by  the  satellites  is  decidedly  inferior  to  our  own, 
although  their  reflective  power  appears  to  be  higher  than  that  of  tlie  lunar 
surface.  They  differ  among  themselves  considerably  in  this  respect.  The 
fourth  satellite  is  of  an  especially  dark  complexion.  The  othets,  under 
similar  circumstances,  show  light  or  dark  according  as  they  have  a  dark 
or  light  portion  of  the  planet  for  a  background.  Even  the  fourth,  when 
crossing  the  disc,  is  always  seen  bright  while  very  near  the  planet's  limb. 

6S!6.  Karkin^  upon  the  BatelliteB.  —  The  satellites  show  sensible 
discs  when  viewed  with  a  lai^e  telescope,  and  all  of  them  but  the  second 
sometimes  show  dark  markings  upon  the  surface.  These  markings,  however, 
are  only  visible  under  the  njost  favorable  circuiu stances,  and  it  has  not  been 
possible  to  determine  whether  they  are  atmospheric  or  really  geographical, 
nor  to  deduce  from  them  with  certainty  the  satellites'  periods  of  rotation.' 
W.  Pickering  has  also  reported  certain  periodical  changes  of  form  in  the  first 
and  second  satellites,  as  if  they  were  whirling  clouds  or  meteoric  swarms,  and 
not  solid  bodies.     But  bis  observations  require  confirmation. 

626.  Variability.  —  Galileo  noticed  variations  in  the  brightness  of  the 
■at«UiteB  at  different  times,  and  subsequent  observers  have  confirmed  his 
result  In  the  case  of  the  fourth  satellite  there  seems  to  be  a  regular 
variation  depending  upon  the  place  of  the  satellite  iu  its  orbit,  and  suggest- 
ing that  in  its  axial  rotation  it  behaves  like  our  own  moon,  keeping  always 
the  same  side  next  its  primary.  In  addition  it  shows  other  irreg^dar  changes 
in  its  luminosity:  so  also  do  the  other  satellites  according  to  nearly  all 
authorities,  though  it  is  singular  that  one  or  two  of  the  best  observers  do 
not  find  any  such  irregularity  indicated  by  their  instrumental  photometric 
observations. 

>  Mr.  Douglas  of  the  Flagstaff  Observatory  reports  in  1807  observations  of  the 
markings  showing  that  the  third  and  fourth  satellites  rotate  like  the  moon,  in 
periods  sensibly  identical  with  their  orb[lal  revolutions,  confirming  the  earlier 
coDclosion  referred  to  in  Article  026. 
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687.  Eolipies  and  TranBita.  —  The  satellitea'  orbits  are  so  nearly 
Id  the  plane  of  the  planet's  orbit  that,  excepting  the  fourth,  they  all 
pass  throngh  the  shadow  of  the  planet,  and  suffer  eclipse  at  every 
lerolution.  At  conjunction,  also,  they  cast  their  shadows  upon  the 
planet,  and  these  shadows  can  easily  be  seen  in  the  telescope  as 
black  dots  on  the  planef  s  disc,  the  satellites  themselres,  whidi  croes^ 
the  disc  about  the  same  time,  being  much  more  difficuTt  to  observe, 
^he  foorth  satellite  escapes  eclipse  when  Jupiter  is  far  from  the 
node  of  its  orbit.  Thus,  during  1894  and  the  first  three  months  of 
1895,  there  were  no  eclipses  of  Callisto  at  all. 

Exactly  at  opposition  or  conjunction  the  planet's  shadow  lies 
straiglit  behind  it  out  of  our  sight,  so  that  we  cannot  at  that  time 


Ra.  180.  —  EdlpH*  of  Jnpttefi  SMeUItca,  U  WMtarn  Ekxigition. 

observe  the  eolipses,  but  only  their  transits  acrosa  the  jii^q,_   Before 
and  after  these  times  the  shadow  lies  one  side  of  the  planet. 

When  the  planet  is  at  quadrature  and  the  condition  of  things  is  as 
represented  in  Fig.  180  (which  is  drawn  to  scale),  the  shadow  projects 
so  far  to  one  side  of  the  planet  that  the  whole  eolipee  of  all  the  satel- 
lites, except  the  first,  takes  place  clear  of  the  planef  s  disc,  —  both 
the  disappearance  and  reappearance  of  the  satellite  being  visible. 

6S6.  "  Equation  of  Li^ht."  —  The  most  important  use  that  has 
been  made  of  these  eclipses  has  been  to  ascertain  the  time  required 
by  light  in  traversing  the  distance  between  us  and  the  800,  tiie  so- 
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called  "  equation  of  light."  It  was  in  1675  that  Roemer,  the  Daidsh 
astronomer  (the  inventor  of  the  tr&DHit  instrument,  meridian  circle, 
and  prime  vertical  inBtrument, — a  man  nearly  a  oentory  in  advance  of 
his  day) ,  found  that  the  eclipsea  of  the  satellites  showed  a  peculiar 
variation  in  their  times  of  occurrence,  which  he  explained  as  due  to 
the  time  taken  by  l^bt  to  pass  through  space.  His  bold  and  original 
suggestion  was  rejected  by  most  astronomers  for  more  than  fifty 
years,  —  until  long  after  his  death,  —  when  Bradley's  discovery  of 
aberration  (Art.  23S)  proved  the  correctness  of  his  vlewa. 

629.  If  the  planet  and  earth  remained  at  an  Invariable  distance 
tlie  eclipses  of  the  satellites  would  recur  with  unvarying  r^ulari^ 
(their  disturbances  I>eing  very  slight),  and  the  mean  interval  ooold 
be  determined,  and  the  times  tabulated.  Bat  if  we  thus  predict  tiie 
times  of  eclipses  for  a  synodic  period  of  tbe  planet,  then,  begin- 
ning at-the  time  of  opposition, 
it  will  be  foond  tiiat  as  the 
planet  recedes  from  the  ear&, 
the  eclipses  fall  constantly  more 
and  more  behindhand,  and  by 
precisely  the  same  amount  for 
all  four  of  the  satellites.  Tbe 
tUfference  between  the  tabulated 
and  observed  time  continues  to 
increase  until  the  planet  Is  near 
conjunction,  when  the  eclipses 
are  more  tlian  sixteen  minutes 
late. 

From  the  insufficient  observa- 
tions at  his  com  maud,  Boemer 
made  the  difference  twenty-two 
minutce. 

After  the  conjunction,  the  eclipses  qnicken  tlieir  pace  and  exacUy 
make  up  all  the  loss ;  bo  that  when  opposition  is  reached  once  more, 
they  are  again  ou  time. 

It  is  easy  to  see  from  Fig.  181  that  at  opposition  tiie  planet  is 
nearer  the  earth  tiian  at  conjunction  by  Just  twice  tbe  radius  of  the 
ear&'s  orbit ;  i.e.  ,JB  —  JA=2  SA.  The  whole  apparent  retardation 
of  tlie  eclipses  between  opposition  and  conjunction,  should  therefore 
be  exactly  twice  the  time  required  for  light  to  come  from  the  sun  to 
the  eart^.    This  thne  is  very  neai^  500  seoonda,  or  8"  SO". 
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Early  in  the  centaty  Delambre,  from  &1I  tha  satellite  eclipses  of  «bich  he 
could  dien  secure  observations,  found  it  to  be  493*.  A  few  years  ago  ■ 
redetermination  by  Glasenapp  of  Pulkowa  made  it  501',  from  fifteen  yeais' 
observation  of  the  eclipses  of  the  first  satellite.  The  value  at  preaent 
accepted  is  49B',  and  can  hardly  be  erroneouB  by  more  than  1*. 

630.  Photomfltrio  ObBerratioiu  of  the  Eclipaes.  —  The  eclipses  are 
gradual  phenomena,  the  obscaration  of  the  satellite  proceeding  con- 
tinuously from  the  time  it  first  stnkes  the  shadow  of  the  planet  until 
it  entirely  vaolshes.  The  moment  at  which  the  satellite  seems  to 
disappear  depcfids,  therefore,  on  the  state  of  the  air  and  of  the 
observer's  eye,  and  upon  the  power  of  his  telescope.  The  same  is 
true  of  the  rea[)pearanoe ;  so  that  the  observations  are  doubtful  to 
the  extent  of  from  half  a  minute  for  tlie  first  satellite  (which  moves 
quickly),  to  a  full  minute  for  the  fourth.  Professor  Pickering  has 
proposed  to  substitute  for  this  comparatively  indefinite  moment  of 
disap[>earance  or  reappearance,  tlie  tTtstant  token  the  satelliie  has  lost 
or  regained  just  half  its  iiormal  light,  and  he  detcrmiaes  this  instant 
by  a  series  of  photometric  comparisons  with  one  of  the  neigblwring 
anecUpsed  satellites,  or  with  the  planet  itself. 

These  comparison B  are  made  with  a  special  photometer  devised  for  the 
purpose,  and  plaimed  with  reference  to  rapid  i-eading :  by  merely  turning  a 
small  button,  t^ie  observer  is  immediately  able  to  make  the  image  of  the 
uneclipsed  satellite  appear  to  tie  of  the  same  brightness  as  the  satellite  which 
is  disappearing,  and  the  observations  can  lie  repeated  very  rapidly  with  the 
help  of  special  contrivances  for  recording  the  times  and  readings.  It  is 
found  that  tliis  instant  oE  "  half-brightness  "  can  be  deduced  from  the  set  of 
photometric  readings  with  an  error  not  much  exceeding  a  second  or  two. 
Observations  of  this  kind  have  now  been  going  at  Cambridge  (U.  S.)  '  for 
severd  years.  A  similar  plan  baa  also  l>een  devised  by  Comn,  and  is  being 
oarried  Out  at  the  Paris  Observatory  under  his  direction. 

A  series  of  such  observations  covering  the  planet's  whole  period  of  twelve 
years,  oi^ht  to  give  ns  a  much  more  occorate  determination  of  the  light- 
equation  than  we  now  have. 

631.  Until  1849  our  only  knowledge  of  the  velocity  of  light  was 
obtt^ed  by  observations  of  Jupiter's   satellites.     By  assuming  as 

^  Professor  Pickering  baa  more  recently  applied  a  photographic  process  to 
these  observations  with  most  gratifying  success.  A  series  of  pictures  is  taken, 
each  with  an  exposure  of  lO",  the  time  being  recorded  on  a  chronograph,  and 
they  determine  with  great  precision  the  moment  when  the  satellite's  brljj^tnesa 
bad  any  special  value,  say  fifty  per  cent  of  lU  maximum. 
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knoirn  the  earth's  distance  from  the  sun,  the  velocity  of  light 
follows  when  we  know  the  time  occupied  by  light  in  coming  from 
the  Ban.  At  present,  however,  the  case  is  reversed  :  we  can  deter^ 
mine  the  velocity  of  light  by  two  independent  experimental  methods, 
and  with  a  surprising  degree  of  accuracy ;  and  then,  knowing  the 
Telocity  and  the  light-equation,  we  can  deduce  the  distance  of  the  Bun. 


63&  The  Otbit  and  Period.  —  Saturn  is  the  remotest  of  the 
ancient  planets,  its  mean  dUtanee  from  the  sun  being  9.54  astro- 
nomical units,  or  886000000  miles.  The  actual  distance  varies, 
however,  by  nearly  50000000  miles  on  account  of  the  eccentricity  of 
its  orbit  (0.056),  which  is  a  little  greater  than  that  of  Jupiter. 

Its  nearest  approach  to  the  earth  at  a  December  opposition  (the 
longitude  of  its  perihelion  being  90°  4*)  is  744  millions  of  miles,  and 
its  greatest  distance  at  a  May  conjunction  is  1028  millions.  It 
is  so  far  from  the  sun  that  these  changes  of  distance  do  not  so 
greatly  affect  its  apparent  brightness,  as  in  the  case  of  the  nearer 
planets,  the  whole  range  of  variation  from  this  cause  being  less  than 
two  to  one ;  that  is,  at  the  nearest  of  all  oppositions,  the  planet  is 
not  twice  as  bright  as  the  remotest  of  all  conjunctions.  The 
changing  phases  of  the  rings  make  quite  as  great  a  difference  as  the 
variations  of  distance. 

The  orbit  is  inclined  to  the  ecliptic  about  2J°. 

The  sidereal  period  of  the  planet  is  twenty-nine  and  one-half  years, 
the  synodic  period  being  378  days. 

The  planet  itself  is  unique  among  the  heavenly  bodies.  The  great 
belted  globe  carries  with  it  a  letinue  of -ten  satellites,  and  is  sur- 
rounded by  a  system  of  rings  unlike  anything  else  in  the  universe 
BO  far  as  known,  the  whole  constituting  the  most  beautiful  and  most 
inteiestlng  of  all  telescopic  objects. 

633.  Diameter,  Tolume,  and  Surface. — The  apparent  mean  diam- 
eter of  the  planet  varies  from  20"  to  14"  according  to  the  distance. 
We  say  mean  diameter  because  this  planet  is  more  Sattened  at  the 
pole  than  any  other,  its  elllpticlty  being  nearly  ten  per  cent,  though 
different  observers  vary  somewhat  in  their  results.  The  equatorial 
diameter  of  the  planet  is  about  76470  miles,  and  its  polar  about 
69770,  the  mean  being  very  nearly  74200,  or  a  little  more  than  nine 
times  that  of  the  earth.  Its  surface  Is  therefore  about  eighty-two 
tlme%  and  its  volume  820  times  that  of  the  earth. 
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634.  Haw,  I>«niit7,  and  Gnrity.  —  Its  mats  is  only  ninety-five 
times  the  eaith's  mass,  from  vhioh  follows  the  remarkable  fact  that 
the  density  of  Saturn  is  only  one-eighth  that  of  the  earth,  or  only 
aiaut  Jlve^evenths  that  of  water.  It  is  by  far  the  leaat  dense  of  all 
the  planets.     The  superfioial  gravity  is  1.2. 

635.  Axial  B«tatio&. — It  revolves  upon  its  axis  in  about  lO"  14™ 
according  to  a  determination  of  Professor  Hall,  made  in  1876  by 
means  of  a  white  spot  which  suddenly  appeared  upon  Its  sur&oe, 
and  continued  visible  for  some  weeks.  His  result  is  sabstaatially 
confirmed  by  the  observations  of  Stanley  Williams  in  1893,  which, 
however,  appear  to  indicate  that  spots  in  different  latitudes  give 
rotation-periods  which  differ  slightly,  but  systematically. 

The  inclination  of  the  axis  to  the  planers  orbit  is  about  27°. 

636.  Surface,  Albedo,  and  Bpeotmm.  —  As  in  the  case  of  Jupiter, 
the  edges  of  the  disc  ai'e  not  quite  so  brilliant  as  the  central  por- 
tions, so  that  the  belts  appear  to  fade  out  near  the  limb.  These 
belts  are  less  distinct  and  less  variable  than  those  of  Jupiter ;  and 
are  arranged  as  shown  in  Fig.  182,  with  a  very  brilliant  zone  at 
the  equator,  though  the  engraving  much  exaggerates  the  contrast. 
The  planefs  pole  is  sometimes  marked  by  a  darkish  cap  of  greenish 
hue. 

According  to  ZOllner,  the  Albedo,  or  reflecting  power  of  the  surface, 
is  0.52,  almost  precisely  the  same  as  that  of  Venus,  but  a  little  infe- 
rior to  that  of  Jupiter.  The  spednim  of  the  planet  is  the  solar  spec- 
trum without  any  evidence  of  the  presence  of  water-vapor,  so  far  as 
can  be  made  out,  but  with  certain  unexplained  dark  bands  in  the  red 
and  orange  similar  to  those  observed  in  the  spectrum  of  Jupiter. 
The  darkest  of  these  bands,  however,  are  not  seen  in  the  spectrum 
of  the  ring ;  this  might  have  been  expected,  since  the  ring  probably 
has  but  little  atmosphere. 

637-  The  Kingi.  —  The  moat  remarkable  peculiarity  of  Saturn  ie 
his  ring-system.  The  planet  is  surrounded  by  three,  thin,  fiat,  con- 
centric rings  like  circular  discs  of  paper  pierced  through  the  centre. 
Two  of  them  are  bright,  while  the  third,  the  one  nearest  to  the 
planet,  is  dusky  and  comparatively  dif&cult  to  see.  They  are  gener- 
ally referred  to  by  Struve's  notation  as  A,  B,  and  C,  A  being  the 
exterior  one. 

For  nearly  fifty  years  this  appendage  of  Saturn  was  a  complet« 
enigma  to  astronomers.     Galileo,  in  1610,  saw  with  his  little  tele- 
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scope  that  the  planet  appeared  to  have  BOmething  attached  to  it  od 
each  Bide,  and  he  announced  the  discovery  that  "the  outermost 
planet  is  triple,"  —  "  ultimam   planetam  tergeminam  observavi." 


i.  183.  — Sktum  uid  hii  Ringi. 


Sot  long  afterwardB  the  rings  were  edgcvise  to  the  earth  so  that  they 
became  invisible  to  him ;  and  in  his  perplexity  he  inquired  "  whether 
Saturn  bad  devoured  his  children,  according  to  the  legend,"    Huy- 
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ghens,  in  1655,  waa  the  first  to  solve  the  problem  and  explain  the  tme 
etiucture  of  the  rings.  Caasini,  twenty  jeata  later,  diecovered  that 
the  ring  w^  double,  — compoaed  of  two  concentric  portions  with  a 
narrow  black  lift  of  division  between  them. 

The  third,  or  dusky  ring,  C,  is  an  American  discovery,  and  was 
first  brought  to  light  by  W.  C.  Bond  at  Cambridge,  U.  S.,  in  Novem- 
ber, 1850.  About  two  weeks  later,  but  before  the  news  had  been 
published  in  England,  it  was  also  discovered  independently  by 
Dawes. 

For  a  while  there  was  Bome  question  whether  it  was  not  really  a  new 
fortnation ;  but  an  examination  of  old  drawings  shows  that  Herschet  and 
several  other  astronomers  had  previously  seen  it  where  it  crosses  the  plana^ 
although  without  recognizing  its  character. 

638.  Dimensions  of  the  Sings. —  The  outer  riog,  A,  has  an  exterior 

diameter  of  172000  miles  (Barnard),  and  is  nearly  11000  milea  wide.  The 
division  between  it  and  ring  B  is  about  2300  miles  in  width,  and  apparently 
perfectly  uniform  all  around.  Ring  B  is  about  18000  miles  wide,  and  is 
much  brighter  than  A,  especially  at  its  outer  edge.  At  the  inner  edge  it 
becomes  less  brilliant,  and  is  joined  witliout  any  sharp  line  of  demarcation 
by  ring  C,  which  is  sometimes  known  as  the  "gauze"  or  "crapt"  ring, 
because  it  is  only  feebly  luminous  and  is  semi-transparent,  allowing  the 
edge  of  the  planet  to  be  seen  through  it.  The  innermost  ring  is  nearly,  per- 
haps not  quite,  as  wide  as  the  outer  one,  A .  There  is  thus  left  a  clear  space 
of  from  5000  to  6000  miles  in  width  between  the  planet's  equator  and  the 
inner  edge  of  the  gauze  ring,  the  whole  riTig  system  having  an  external 
diameter  of  172000  miles,  and  a  width  of  about  42000. 

The  thickness  of  the  rings  is  very  small  indeed,  probably  not  ex- 
ceeding 100  miles.  If  we  were  to  construct  a.  model  of  them  on  the 
scale  of  10,000  miles  to  the  inch,  so  that  the  outer  one  would  be  nearly 
seventeen  inches  in  diameter,  the  thickness  of  an  ordinary  sheet  of 
writing  paper  would  be  about  in  due  proportion.  This  extreme  tbin- 
ness  is  proved  by  the  a[)pearances  presented  when  the  plane  of  the 
ring  is  directed  towards  the  earth,  as  it  is  once  in  every  fifteen  years. 
At  that  time  the  ring  becomes  invisible  for  several  days  even  to 
the  most  powerful  telescopes. 

639.  Phases  of  the  Btnga.  —  The  rings  are  parallel  to  the  equator 
of  the  planet,  which  is  inclined  about  27°  to  its  orbit,  and  about  28° 
to  the  plane  of  the  ecliptic,  the  two  nodes  of  the  ring  being  in  longi- 
tude 168°  and  348°,  in  the  constellations  of  Aquarius  and  Leo.    Now 
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in  the  plaDflVs  reyolution  around  tlie  Bun,  the  plane  of  the  planet* b 
equator  and  of  the  rings  always  keeps  parallel  to  itself  (as  shown 
in  Fig.  183),  just  as  does  the  plane  of  the  earth's  equator.  Twice, 
therefore,  in  the  planet's  revolution,  when  the  plane  of  the  ring 


Fia.  ISS.— TIm  FIbm  of  BMon^  BlDgk 

puaea  through  the  earth,  we  see  it  edgewise ;'  and  twice  at  its  maxi< 
mum  width,  when  It  is  at  the  points  half-way  between  the  nodes.  The 
angle  of  inclination  being  28°,  the  apparent  width  of  the  ring  at  the 
moximam  is  Just  about  half  ite  length.  The  last  disappearance  of 
the  rings  was  in  October,  1907 ;  the  nest  will  be  in  the  summer  of 
1922.  Near  the  time  of  disappearance  the  ring  appears  simply  as 
a  thin  needle  of  light  projecting  on  each  side  of  the  planet  to  a 
distance  nearly  equal  to  its  diameter.  Upon  this  the  satellites  are 
threaded  like  beads  when  they  pass  behind  or  in  front  of  it. 

640.  Irregnlaritiei  of  Surfaoe  and  Stmoture. —  When  the  rings 
are  edgewise  we  find  that  there  are  notable  irregularities  upon  them, 
eneh  as  the  condensations  or  "knots"  observed  at  the  1907  disap- 
pearance. 

The  same  thing  is  indicated  by  certain  pecnliarities  sometimes  reported 
in  the  form  of  the  shadow  cast  by  the  planet  on  the  rings ;  but  caution  must 
be  used  in  accepting  and  interpreting  such  observationa,  because  illusions 

'  In  traversing  the  earth's  orbit  the  plane  of  the  ring  occupies  about  3&9.6 
d^s,  during  which  the  earth  croaaeB  it  either  tyjKt  or  three  time*,  according  to  clr- 
cumatancea.  The  riug  then  becomes  abeolutely  invisible  to  all  existing  telescopes 
for  Beveral  days ;  nor  can  it  be  seen  t^  an  j  but  very  powerful  instruments  during 
the  time  while  the  plane  lies  between  tbe  earth  and  sun,  often  for  seveTal  weeks. 
Tbere  are  usually  two  such  "  periods  of  dis^ipearance"  during  the  critical  year. 


::,G00'^|C 


894  SATUBN. 

an  Tei7  apt  to  occur  from  the  least  Indistinctnees  of  vinon  or  feeblenen  d 
lights  The  writer  has  uaually  found  that  the  better  the  seeing,  the  fevst 
abDormal  appearances  were  noted,  and  the  experience  of  the  WashiugtoD 
obseirerB  is  the  same. 

It  can  hardlj  be  doubted  that  the  details  of  the  rings  are  cootina- 
Mj  changing  to  some  extent  Thus  the  outer  ring,  A,  ia  occasion- 
ally divided  into  two  by  a  very  narrow  black  line  known  aa  "  Encke's 
division,"  although  more  usually  there  is  merely  a  darkish  streak 
upon  it,  not  amounting  tu  a  real  "  crack  "  in  the  surface. 


1^- 


641.  8tnu)tnre  of  the  Bingi.  — It  is  now  universally  admitted 
that  the  rings  are  not  continuous  sheets  of  either  solid  or  liquid 
matter,  but  are  composed  of  a  swarm  of  separate  particles,  each  a 
little  independent  moon  pursuing  its  own  path  around  the  planet. 
The  idea  was  suggested  long  ago,  by  J.  Cassini  in  1715,  and  by 
Wright  in  1750,  but  was  lost  sight  of  until  Bond  revived  it  in  con- 
nection with  his  discovery  of  the  dusky  ring.  Professor  Bcnjunin 
Peirce  soon  afterwards  demonstrated  that  the  nt^  could  not  be  con- 
tinuous solids ;  and  Clerk  Maxwell  finally  showed  that  they  can  be 
neither  solid  nor  liquid  sheets,  but  that  all  the  known  conditions  would 
be  answered  by  supposing  them  to  consist  of  a  flock  of  separate  aud 
independent  bodies,  moving  in  orbito  nearly  cux:ular  and  in  one 
plane, ' — in  fact,  a  swarm  of  meteors. 

641*  This  "Meteoric  Theory  "has  recently  (in  1895)  been  beautifullycon- 
firmed  by  the  Bpectroscopic  observations  of  Keeler,  illustrated  in  Fig.  183". 
Photographs  were  made  of  the  spectmcn  of  the  planet  and  its  rings  with  the 
slit  of  the  spectroscope  crossing  the  planet's  image,  as  shown  in  the  figure. 
At  the  western  lirab  of  the  planet  and  extremity  of  the  ring  the  motnon  of 
rotation  was  carrying  the  particles  from  us,  and  the  displacement  of  tlw 
spectrum  lines  should  be  towards  the  red,  according  to  Doppler's  principle 
(we  note  also  in  passing  that,  since  the  particles  shine  by  reflecled  sunlight, 
the  displacement  is  practically  doubled,  being  twice  aa  great  as  if  they  were 
self-luminous).  On  the  eastern  side  the  shift  is  towards  the  violet.  Now, 
on  looking  at  the  diagram  of  the  spectrum,  given  below  the  planet,  we  see 
that,  while  at  C  the  line  in  the  spectrum  is  displaced  redwards,  as  it  ought 
to  be,  the  duplaetment  at  the  outer  edge  of  the  ring  ii  leu  lian  at  the  inner;  and 
correspondingly  at  A.  This  shows  that,  as  theory  requires,  the  ovter  edge 
revolve*  more  tloviy  than  the  inner.  The  fact  is  made  conspicuous  by  its  effect 
upon  the  inclination  of  the  lines:  while  in  the  spectrum  of  the  ball  the  lines 
slope  upwards  towards  the  right,  in  the  ring-spectrum  they  slope  the  otlier 
way.     The  observation  is  very  delicate,  as  the  whole  width  of  the  spectrum 


D.gitizecbyG00glc 


THBORT  OF  THE  RIMOa.  395 

wu  not  quite  r  millimetre  (the  figure  being  mftgnifled  nearly  fifty  times); 

but    Heeler's    reaults    have 

sinco  been  fully  confirmed         i     .     .      .    '^'""p^"     .     .      .      t 

by  DeBlaudrea,   BelopoUky, 

and  Campbell. 

An  independent  photo- 
metrio  confirmation  has  been 
derived  by  Seeliger  from  the 
vay  in  which  the  appgJvnt 
brightneae  of  the  rings  varies 
with  their  phases ;  and  an- 
other from  the  behavior  of 
lapetus  (the  outer  satellite), 
te  obseired  by  Barnard  in 
1892  while  undergoing 
eclipse.  The  satellite  van- 
ished completely  in  passing 
through  the  shadow  of  the 
ball  and  bright  rings,  but  re- 
appeared when  immersed  in 
that  of  tfae  semi-transpaieat 
dusky  ring. 

The  investigations  of  Hermann  Stnive  show  that  the  man  o/tke  riags  it 
inappreciable.-  they  produce  no  observable  effect  upon  the  motion  of  the 
satellites.  To  use  his  graphic  expression,  "they  seem  to  be  composed  of 
immaterial  light,"  —  mere  dust-films  or  wreaths  of  fog. 

642.  Stability  ol  th«  Ring.  —  If  the  ring  vere  solid  it  would  oer- 
tainly  not  be  stable,  and  the  least  disturbance  would  bring  it  down  upon 
the  planet;  nor  is  it  certain  that  even  the  swarm-like  structure  makes  it 
forever  secure.  It  is  impossible  to  nay  positively  that  the  riugs  may  not 
after  a  time  be  broken  up.  A  few  years  ago  there  was  much  interest  in  a 
speculation  which  Struve  published  in  1851.  All  the  measures  which  he 
coold  obtain  up  to  that  date  appeared  to  show  that  a  change  was  actually 
in  progress,  and  that  the  inner  edge  of  the  ring  was  ext«nding  itself  towards 
the  planet.  His  latest  series  of  measurements  (in  1885)  does  not,  however, 
confirm  this  theory.  They  show  no  considerable  change  since  1850,  and  the 
meBBurements  of  other  observers  agree  with  his  in  this  respect. 

The  researches  of  Professor  Kirkwood  of  Indiana  make  it  probable  that 
the  divisions  in  the  ring  are  due  to  the  perturbations  produced  by  the  satel- 
lites. They  occur  at  distances  from  the  planet  where  the  period  of  a  small 
body  would  be  precisely  commensurable  with  the  periods  of  a  number  of 
the  satellites.  It  will  be  remembered  that  similar  gaps  are  found  in  the 
distribution  of  the  asteroids,  at  points  where  the  period  of  an  asteroid  would 
be  commensurable  with  that  of  Jupiter. 
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613.  Satellites.  —  Satnm  has  ten'  of  these  attendants.  The 
largest  of  them  was  discovered  by  Huyghens  in  1655.  It  appears  as 
a  star  of  the  ninth  magnitude,  and  is  easily  observable  with  a  three- 
inch  telescope.  Four  others  were  discovered  by  Cassini  before 
1700,  two  by  Sir  William  Herschel  near  the  end  of  the  last  century, 
and  one,  Hyperion,  by  W.  C.  Bond  of  Cambridge,  in  September, 
1848,  and  independently  by  Lassell  at  Liverpool  two  days  later. 
(For  Phoebe  and  Themis,  the  two  newest,  see  note  on  page  406.) 
^  Tbe  range  of  the  BVBtem  is  enormous.  lapetus  has  a  distance  of 
2,225000  miles,  with  a  period  of  79  days,  nearly  as  long  as  that  of 
Mercury.  There  is  a  remarkable  variation  in  the  biightneas  of  Ibis 
V  satetlite.  j<Od  tbe  western  side  of  the  plauet  it  is  fully  twice  as  bright 
as  upon  the  ea8tem,_wliich  pi-actically  detnoDstrates  that,  like  our  own 
mooD,  it  keeps  the  same  face  towards  the  planet  at  nil  times,  one-half 
of  its  surface  being  much  more  hiilliant  than  the  other. 

Mimas,  the  nearest  and  smallest  of  the  satellites,  coasts  aTouDd  the 
edge  of  the  ring  at  a  distance  from  it  of  only  34,000  miles,  or 
118,000  from  the  planet's  centre,  having  a  period  of  only  22J  hours. 
This  satellite  is  so  small  and  so  near  the  planet  that  it  can  be  seen 
only  by  very  lat^e  telescopes  and  under  favorable  conditions. 

Titan,  as  its  name  suggests,  is  by  far  the  largest  of  the  family. 
Its  distance  is  about  770,000  miles,  and  its  period  a  little  less  than 
16  days.  Its  diameter,  aa  measured  by  Barnard,  is  2720  miles,  and 
according  to  Stone,  its  mass  is  x^o  o^  Saturn's. 

944.  Pwoliar  Beharior  of  Hyperion.  —  Hyperion  has  a  distance 
of  934,000  miles,  and  a  period  of  21J  days.  Under  the  action  of  Titan  its 
orbit  is  rendered  considerably  eccentric,  and  fu  lint  of  apsides  altcagi  tetpi 
itself  in  the  line  of  conjunction  milk  Titan,  retrograding  in  a  way  which 
at  first  seemed  to  defy  theoretical  explanation,  but  turns  out  to  be  only 
a  "new  case  in  celestial  mechanics,"  and  a  necessary  result  of  the  disturb- 
ance by  Titan.  Mimas  also  undergoes  a  very  considerable  disturbance,  which 
alternately  accelerates  and  retards  it  to  the  extent  of  nearly  60°  of  its  orbit- 

*  Until  Herschel's  time  it  wiu  customary  to  diBtlnguiib  tbe  ssCellitei  u  flrit, 
•econd,  etc.,  in  order  of  distance  from  tbe  planet ;  but  as  Henchel's  new  Balellitei 
were  within  the  orbits  of  thoss  which  were  known  before,  their  discoTerj  con- 
fused matters,  and  the  confusion  became  wone  confounded  when  the  eighth 
appeared.  They  are  now  usuallj  designated  by  nnmei  assigned  b;  Sir  John 
Henchel  as  follows,  beginning  with  the  most  remote,  namely:  lapCtuB  (Hype- 
rion),Titan;  Rhea,  Dione,  Telhys;  Goceladus,  Mimaa.  It  will  be  noticed  thil 
these  names,  leaving  out  Hyperion,  which  was  undiscovered  when  they  wen 
assigned,  form  a  line  and  a  half  of  a  regular  Latin  pentameter. 
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The  orbit  of  TapetuB  is  inclined  about  10°  to  the  plane  of  the  rings,  but 
all  the  other  satellites '  move  exactly  in  their  plane,  aud  all  tha  five  ioner 
ones  move  ia  orbits  sensibly  circular.  The  orbits  of  lapetua,  Hyperion,  and 
Titau  have  a  slight  eccentricity. 

URANUS. 

640.  Aa  the  eatellites  of  Jupiter  were  the  first  heavenly  bodies 
to  be  "diflcovered,"'  bo  Uranus  was  the  firat  "discovered"  planet, 
all  the  other  planets  tben  known  having  been  known  from  prehistoric 
antiquity.  On  March  13,  1781,  the  elder  Herschel,  in  sweeping 
over  the  heavens  systematically  with  a  seven-iDch  reflector  made 
by  himself,  came  upon  &n  object  which,  by  its  disc,  he  saw  at  once 
was  not  an  ordinary  sttkr.  In  a  day  or  two  he  had  ascertained  that 
it  moved,  and  announced  the  discovery  as  that  of  a  comet.  After  . 
a  short  time,  however,  it  became  obvious  from  tlie  computations 
of  Lexell,  that  its  orbit  was  nearly  circular,  that  its  distance  was 
enormous,  and  tliat  its  path  did  not  at  all  resemble  that  oidinarily 
taken  by  a  comet ;  and  within  &  year  its  planetary  character  was 
recognized  and  it  was  formally  admitted  as  a  new  member  of  the 
solaf'System.  The  name  of  Urcmus,  euggc3te<l  by  Bode,  Anally  pre- 
vailed over  Other  aiipellations  (Herschol  hirasL'lf  called  it  the  Geoi^tum 
SiduB,  in  honor  of  the  king) ,  with  the  symbol  9  or  g  .  The  former  is 
still  generally  used  by  English  astronomers. 

The  discovery  nf  a  new  planet,  a  thing  then  utterly  unprecedented,  caused 
great  excit«ment.  The  king  knighted  Herschel,  gare  him  a  pension,  and 
famished  him  with  the  funds  for  constructing  his  great  forty-fc»t  reflector 
of  four  feet  apertorei  with  which  he  afterwards  discovered  the  two  inner 
satellites  of  Sai-urn.  It  was  found  on  reckoning  back  from  the  date  of 
Herschel's  discovery  that  the  planet  had  been  several  times  before  observed 
as  a  star  by  astronomers  who  narrowly  missed  the  honor  which  felt  to  the 
more  fortunate  and  diligent  Herschel.  Twelve  such  observations  had  been 
made  by  Lemounier  alone. 

646.  Otbtt.  — The  mean-distance  of  Uranus  from  the  san  is  very 
nearly  1800  millions  of  miles,  and  the  eccentricity  a  trifle  less  than 
that  of  Jupiter's  orbit,  amounting  to  about  83,000000.  The  ituMna- 
tion  of  the  orbit  to  the  plane  of  the  ecliptic  is  very  slight,  only  46'. 
The  planet's  periodic  time  is  84  years,  and  the  synodic  period  (flrom 
opposition  to  opposition)  A69'  16".  The  orbittd-velocUy  is  4^  miles 
per  second. 


'  -See  iiote  on  page  400. 
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647.  Appeoranu  and  Kagnitnde.  — Uranna  is  dlstinctlj  vialMe  to 
the  naked  eye  on  a  dark  night  as  a.  small  star  of  the  so-called  sixtji 
inagnitade.  It  is  so  remot«i  its  orbit  having  a  diamete^  more  Uiau 
19  times  that  of  the  earth's,  that  there  is  very  little  change  in  its 
appearance,  and  it  makes  no  practical  diSereDce  whether  it  is  at 
opposition  or  quadrature. 

In  the  telescope  it  shows  a  sea-green  disc  of  about  4"  in  apparent 
diameter,  corresponding  to  a  real  diameter  of  32,000'mUes.  Its  sur- 
face is  about  16  times,  and  its  voluTtie  about  66  times  greater  than 
that  of  the  eartii,  so  that  the  earth  compares  in  size  with  Uranus 
about  as  the  moon  does  with  the  earth.  The  masa  of  Uranna  is  11.6 
times  that  of  the  earth,  and  its  density  and  aurface-graoity  ore  respeo- 
lively  0.22  and  0.90. 

648.  Albedo  and  L^ht. — The  reflecting  power  of  the  planefs 
surface  is  very  high,  its  albedo,  according  to  Zdllner,  being  0.64,  even 
exceeding  that  of  Jnpiter.  It  is  to  be  remembered,  however,  that 
sunlight  at  Uranus  is  only  ^j  as  intense  as  at  the  earth,  and  only 
about  ^  as  intense  as  at  Jupiter ;  so  that  the  disc  of  the  planet  does 
not  appear  in  tlie  telescope  even  nearly  as  bright  as  a  piece  of  Jupiter's 
disc  of  tlie  same  apparent  size.  The  greenish  blue  tint  of  the  planet 
is  accounted  for  by  the  fact  t^at  Its  spectrum  shows  certfun  conspicu- 
ous dark  bands  in  its  lower  portion,  bands  perhaps  identical  with 
those  which  are  visible  in  the  spectrum  of  Saturn,  but  much  more 
intense.     These  facts  probably  indicate  a  dense  atmosphere. 

649.  Polar  Compresiion,  Belts,  and  Eotation.  —  The  disc  of  the 
planet  shows  a  decided  ellipticity — about  -^^  according  to  the  Prince- 
ton observations  of  1883,  which  a^ee  nearly  with  those  of  Schiapa- 
relli,  and  have  since  been  confirmed  by  Barnard  at  the  Lick  Ob- 
servatory. There  are  also  sometimes  visible  upon  the  planet's  disc 
certain  extremely  faint  bands  or  belts,  much  like  the  belts  of  Jupiter 
viewed  with  a  very  smalt  telescope.  What  is  exceedingly  singular, 
however,  is  that  the  trend  of  these  belts  seems  to  indicate  a  plant 
of  rotation  not  coinciding  with  the  plane  of  ihe  satellites'  orbits. 
Nearly  all  the  observers  who  have  seen  them  at  all  find  that  they  are 
inclined  to  the  satellites'  orbit-plane  at  an  angle  of  from  15°  to  40". 
Now  unless  there  is  some  error  in  the  investigations  of  La  Place 
upon  the  motions  of  satellites,  it  is  probable  that  the  plane  of  these 
orbits  does  very  nearly  coincide  with  that  of  the  planet's  equator. 
Probably  the  error  lies  in  judging  tl»e  direction  of  the  belts,  which 
at  the  best  are  at  the  very  limit  of  visibility. 

1  See  second  note  on  page  406. 
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One  or  two  ebserrers  have  aseigned  to  the  planet  rotation  periods 
ranging  from  9''  to  V2'' ;  but  it  c&anot  be  said  that  any  determiaation 
of  this  eleigent  jet  made  is  to  be  tnieted. 

SSO.  Satellitei.  —  The  planet  haa  four  aatelliteB ;  viz.,  Ariel, 
Umbriel,  TitaDin,  and  Oberon ;  Ariel  being  the  nearest  to  tbe  planet. 
The  two  brighteet  of  them,  Oberon  and  Titania,  were  diecovered  by 
Sir  William  Ilerschel  a  few  years  after  the  discoveiy  of  the  planet. 
He  observed  them  enfflciently  to  obtain  a  reasonably  correct  determi- 
nation of  their  distances  and  periods. 

It  is  not  certain  that  he  saw  either  of  the  other  two,  though  b«  thought  h» 
had  found  six  satellites  in  all,  and  a  few  years  ago  a  populu  writer  on 
astronomy  actually  credited  the  planet  with  eight  satellites,  —  the  four 
whose  names  have  been  given,  and  four  others  which  Herschel  supposed  he 
had  seen. 

Ariel  and  Umbriel  were  first  certainly  discovered  by  Lassell  in  1851,  and 
have  since  been  satisfactorily  observed  by  numerous  large  telescopes.  They 
are  telescopicoUy  the  smallest  bodies  in  the  solar  system,  and  the  moat 
diJBoult  to  see.  In  real  size,  they  are,  of  course,  much  larger  than  the  aatel* 
lites  of  Mars  or  many  of  the  asteroids,  very  likely  measuring  from  200  to 
600  miles  in  diameter;  but  they  are  ten  times  as  far  away  as  the  asteroids, 
and  illuminated  by  a  sunlight  not  -^^  as  brilliant  as  theirs. 

6fil.  Satellite  Orbits. —The  orbits  of  the  satellites  are  sensibly  circu. 
lar,  and  all  lie  in  one  plane,  which,  as  has  been  said,  oaght  to  be,  and  prob- 
ably is,  coincident  with  the  plane  of  tbe  planet's  equator.  They  are  very 
doie-pached  also,  Oberon  having  a  distance  of  only  875,000  miles,  with  a 
period  of  13'  ll^  while  Ariel  has  a  period  of  2*  12^,  at  a  distance  of  120,000 
miles.  Titania,  the  largest  and  brightest  of  them,  has  a  distance  of  280,000 
miles,  somewhat  greater  than  that  of  the  moon  from  the  earth,  with  a  period 
of  8'  17*.  Under  favorable  circumstances  this  satellite  can  be  just  seen  with 
a  telescope  of  eight  or  nine  inches  aperture. 

682.  Plane  of  Berolatioti.  —  The  most  remarkable  thing  about 
this  satellite  system  reiDains  to  be  mentioned.  The  plane  of  their 
orbits  ia  inclined  SSf.Z  to  the  plane  of  the  ecliptic,  and  in  that  plane 
they  revolve  backwards;  or  we  may  say,  what  comes  to  the  same 
thing,  that  their  orbits  are  inclined  to  the  ecliptic  at  an  angle  of 
9T'.8,  in  which  case  their  revolution  is  to  be  considered  as  direct. 

When  the  line  of  nodes  of  their  orbit  plane  passes  through  tbe  earth, 
as  it  did  in  1840  and  1S82,  the  orbits  are  seen  edgewise  and  appear  as 
Straight  lines.    On  the  other  hand,  in  18Q1,  they  were  seen  almost  in  plan 
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ns  ncarlj  perfect  circles,  and  were  seen  ho  again  in  1003.  The  year 
1682-83  was  a  specially  favorable  time  for  determining  the  inclination  of 
the  orbits  and  the  position  of  the  nodes,  as  well  as  for  measoring  the  polar 
compression  of  the  planet. 

NEPTUNE. 

603.  The  discovery  of  this  planet  is  justly  reckoned  as  the 
greatest  triumph  of  mathematical  astronomy.  Uranus  failed  to  move 
precisely  in  the  path  which  the  computers  predicted  for  it,  aud  vas 
misguided  by  some  unknown  influence  to  an  extent  which  a  keen  eye 
might  almost  see  without  telescopic  aid.  The  difference  between  its 
observed  place  and  that  prescribed  for  it  had  become  in  1845  nearly 
as  much  as  the  "intolerable"  quantity  of  2'  of  arc 

The  following  illustration  will  ahow  bow  extremely  small  was  this  dis. 
crepancy  which  the  astronomers  considered  to  be  '>  intolerable." 

Near  the  bright  star  Vega  there  are  two  little  stars  which  form  with  it  a 
small  equilateral  triangle,  the  aides  of  the  triangle  being  about  Ij'long. 
The  northern  one  of  the  two  little  stars  is  the  beautiful  double-double  star 
I  Lyne,  aud  can  be  seen  as  double  by  a  keen  eye  without  a  telescope,  the 
two  companions  being  about  3^'  apart.  Now  the  distance  between  the  com- 
puted place  of  Uranus  and  ite  actual  position  was,  when  at  its  niaiimuni, 
just  a  little  more  than  half  of  the  distance  between  these  components  of  t 
Lyrx,  that  only  a  keen  eye  can  separate.  One  would  almost  say  that  such 
a  difierence  was  hardly  worth  minding. 

But  just  these  minute  discrepancies  constituted  the  data  which 
were  found  sufficient  for  calculating  the  position  of  a  hitherto 
unknown  planet,  and  bringing  it  to  light.  Leverrier  wrote  to  Galle, 
in  substance :  "Direct  your  telescope  to  a  point  on  the  ecliptic  in  the 
constellation  of  Aquarius,  in  longitude  326°,  and  you  will  find  within 
a  degree  of  that  place  a  new  planet,  looking  like  a  star  of  about  the 
ninth  magnitude,  and  having  a  perceptible  disc."  The  planet  was 
found  at  Berlin 'on  the  night  of  Sept.  23, 184C,  in  exact  accordance 
with  this  prediction,  within  half  an  hour  after  the  astronomers  began 
looking  for  it,  and  only  about  52'  distant  from  the  precise  point  that 
Leverrier  had  indicated. 

884.  So  far  as  the  mathematical  operations  are  concerned,  the 
honor  is  to  be  equally  divided  between  two  then  young  men, — 
Leverrier  of  Paris,  and  Adams  of  Cambridge,  England.  Each  took 
up  the  problem,  and  by  perfectly  independent  and  considerably  dif- 
ferent methods  arrived  at  substantially  the  same  solution,  and  each 
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prompUj  commaoiosted  the  reBnlt  (Adama  some  months  earlier  than 
Leverrier)  to  a  practicfd  astroDomer  provided  with  ttie  necesBar; 
apparatae  for  actaall;  detecting  the  planet. 

Adams,  who  was  then  a  graduate  of  three  years'  standing,  a  fellow  and  a 
tobir  in  his  college,  communicated  his  Teaulta  to  Cfaallis,  his  professor  of 
astronomj  at  Cambridge,  in  the  autumn  of  IM5,  Challis  at  once  con- 
sulted Airy,  the  Astronomer  Royal,  but  between  them  tiie  matter  rather  lay 
in  abeyance  for  some  months,  until  a  notice  appeared  of  a  preliminary  paper 
by  Lererrier,  which  indicated  that  he  alao  bad  reached  aabstantially  the 
same  conclnsions  aa  Adams.  Then,  at  the  urgent  suggestion  of  Airy, 
Challis  decided  to  begin  the  search  at  once,  and  to  capture  the  planet  by 
siege,  so  to  apeak.  U  he  had  had  such  star-maps  as  we  now  possess  of  tbe 
regions  where  the  planet  lay  concealed,  it  would  have  been  comparatively  an 
easy  operation ;  but  as  he  had  not,  he  decided  to  go  over  a  space  10°  wide 
by  30°  long,  and  to  go  over  it  three  times.  The  positions  of  all  fixed 
stars  would  of  course  be  the  same  at  each  of  the  three  observations,  but  a 
planet  would  change  ite  place  in  the  meantime,  and  so  would  be  snrelj 
detected. 

He  began  his  work  on  July  29,  including  in  hie  sweep  all  stars  down  to 
the  tenth  magnitude.  When,  on  Oct.  1,  he  learned  of  the  actual  discovery 
of  the  planet,  he  had  recorded  tbe  positions  of  something  over  3000  stars, 
and  was  preparing  to  map  them.  He  had  already  secured,  as  it  turned  out, 
ttiree  observations  of  the  planet  on  Aug.  4,  Aug.  12,  and  Sept.  29,  and 
of  course  it  was  only  the  question  of  a  few  weeks  mote  or  less  when  the 
discussion  of  the  observations  would  have  brought  the  planet  to  light. 

But  while  this  rather  deliberate  process  was  going  on  in  England,  Lever- 
rier had  revised  his  work,  making  a  second  approximation,  and  had  commu- 
nicated his  results  to  Galle,  at  Berlin,  substentially  as  above  indicated.  The 
Berlin  astronomers  had  the  great  advantage  of  a  new  star-chart  by  Bremiker, 
covering  that  very  region  of  the  sky,  and  therefore  did  not  need  to  enter 
upon  any  such  tedious  campaign  as  that  begun  by  Challis.  In  less  than 
half  an  hour  they  found  a  new  star,  not  indicated  ou  the  map,  and  showing 
a  sensible  disc,  just  as  Leverrier  had  predicted ;  and  within  twenty-four  houn 
its  motion  proved  it  to  be  the  planet. 

656.  Computed  Element!  Erroaeou.  —  Both  Adams  and  Leverrier, 
besides  computing  the  planet's  position  in  the  aky  bad  deduced 
elements  of  its  orbit,  and  a  value  for  its  mass,  which  turned  out  to  be 
conaiderabl;  erroneous.  The  reason  waa  that  the;  bad  assumed  that 
the  mean  distance  of  the  new  planet  from  the  sun  loovid  foUom  Bode'a 
law,  a  anppositioD  which,  as  it  turned  oat,  is  not  even  roughly  trae, 
althongh  it  waa  entirely  warranted  by  the  existing  facte,  since  all  the 
then  known  planete,  not  excepting  Uranua,  obey  it  with  reasonable 
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ez&ctneBB.  This  &88umpti<Hi  of  an  erroneons  mean  distance  of  ttdrtj- 
eight  astronomical  units,  instead  of  the  tme  distance  of  thirty,  carried 
irith  it  errors  in  all  the  other  elements  of  the  orbit ;  and  the  computed 
elements  are  bo  wide  of  the  truth  that  great  authorities  have  main- 
tained that  the  actual  Neptune  was  not  at  all  the  Neptune  of  Leverrier 
and  Adams,  but  an  entirely  different  planet ;  and  even  that  the 
discovery  was  a  "  happy  accident."  It  was  not  an  accident  at  all, 
however.  While  the  data  and  methods  employed  were  not  competent 
to  determine  the  planefs  orbit  accurately,  they  were  sufficient  to 
determine  the  direction  of  &e  unknown  body,  which  was  the  one 
thing  needed  to  insure  its  discovery.  The  compntere  informed  the 
searchers  precisely  where  to  point  their  telesoopes,  and  could  do  so 
agaia  were  a  new  case  of  the  same  kind  to  appear. 

6S6.  Old  Obnrrationi  of  Heptane After  a  few  weeks'  observa- 
tion of  the  new  planet  it  became  possible  to  compute  an  approximate  orbit ; 
and  mckoning  back  by  means  of  this  ai^roximate  orbit,  the  appraximat« 
place  on  any  ffvon  date  for  many  years  preceding  could  be  found.  On 
eramining  the  observations  of  stars  made  by  different  astronomers  in  theee 
regions  of  the  sky,  there  were  found  several  instances  in  which  they  bad 
observed  the  planet;  a  star  of  the  ninth  magnitude  in  the  proper  place  for 
Neptune  tieing  recorded  in  their  BtaiM;ataloguea,  while  the  place  is  now 
vacant.  These  old  oI>Bervations,  thus  recovered,  were  of  great  use  in  deter- 
mining the  planet's  orbit  with  accuracy, 

6fi7.  The  Orbit  of  Keptniie. — The  planet's  tneon  dUtawx  from 
the  sun  is  a  little  more  than  2800,000000  of  miles,  instead  of  Itteing 
over  3fi00,000000,  as  it  should  be  according  to  Bode'a  law.  The 
orbit,  instead  of  being  considerably  eccentric,  as  it  appeared  to  be 
from  the  computation  of  Adams  and  Leverrier,  is  more  nearly  circular 
than  any  other  in  the  Sjmtem  except  that  of  Venus,  Its  eccentricity 
being  only  y^itS'  Kven  this  small  fraction,  however,  makes  a  varia- 
tion of  over  50,000000  of  miles  in  the  planet's  distance  from  the  son 
at  different  parts  of  its  orbit.  The  incfinotfon  of  the  orbit  is  about 
1}°.  The  period  of  the  planet  is  about  164  years,  instead  of  217,  as 
it  should  have  been  according  to  Leverrier's  computed  orbit.  The 
orbital  velocity  is  about  3|  miles  a  second. 

6S8.  mie  Solar  System  at  Been  from  Baptime. — At  Neptane'a 
distance  the  sun  itself  has  an  apparent  diameter  of  only  a  little  vaote 
than  1'  of  arc,  —  only  about  the  diameter  of  Venue  when  nearest  us, 
and  too  small  to  be  seen  as  a  disc  by  the  eye,  if  there  are  eyes  on 
Neptune.     The  light  and  heat  received  from  it  are  only  f^  part  <^ 
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wh&t  we  get  K(  tbe  earth.     Still,  we  mast  DOt  tmi^iiie  that,  as  com- 
pared with  starlight  or  even  moonlight,  the  Neptunian  snnlight  is  feeble. 

Aasaming  Zifllner^  eetiinate  that  Banlight  at  the  earth  is  818,000  timeB  aa 
Intense  as  the  light  of  the  full  moon,  we  find  that  the  Ban,  even  at  Ifeptniie, 
gives  a  light  equal  to  687  f  uU  moons.  This  is  about  seventy-eight  times  tlie 
light  of  a  standard  candle  at  one  metre  distance,  or  about  the  light  of  a 
thousand  candle  power  electric  arc  at  a  distance  of  10}  feet— abundant  for 
all  visual  purposes.  In  fact,  as  seen  from  Neptune,  the  sun  would  look  very 
much  like  a  large  electric  arc-lamp  at  a  distance  of  a  few  feet.  We  oall 
special  attention  to  this,  because  erroneous  statements  are  not  unfrequently 
met  with  that  "at  Neptune  the  sun  would  l>e  only  a  first  magnitude  star." 
It  would  really  give  about  44,000000  times  the  light  of  such  a  star. 

659.  From  Neptune  the  four  terrestrial  planets  would  be  hopelessly 
invisible,  unless  with  powerful  telescopes  and  by  carefully  screening  of( 
the  sunlight.  Mars  would  never  reach  au  elongation  of  3°  from  the  sun ; 
the  maximum  elongation  of  the  earth  would  be  about  2°,  and  that  of  Venus 
about  If.  Jupiter,  attaining  an  ebngation  of  about  lO",  would  possibly 
be  visible  in  the  twilight.  Neither  Saturn  nor  Uranns  would  be  conspicu- 
ons,  the  latter  being  the  only  planet  of  the  whole  system  tiiat  can  be  better 
seen  from  Neptune  than  it  can  be  from  the  earth. 

660.  ^le  Planet  itaelf.  — Neptnne  appears  in  the  telescope  as  a 
small  star  of  between  the  eighth  and  ninth  magnitadee,  absolutely 
invisible  to  the  naked  eye,  though  easily  seen  with  a  good  opera-glasa. 
It  shows  a  greenish  disc,  having  an  apparent  diameter  of  about  S".6, 
which  varies  very  little,  since  the  entire  range  of  variation  in  the 
planet's  distance  from  us  is  only  aboat  ^  of  the  whole.  The  real 
diameter  of  the  planet  ia  about  3.5,000^  miles  (but  the  probable  error 
of  this  must  be  fully  500  miles) ;  the  volume  is  about  85  times  that 
of  the  earth.  Jts  mow,  as  determined  by  means  of  its  eateUite,  ia 
about  17  times  that  of  the  earth,  and  its  density  0.20. 

The  planet's  aJhedo^  according  to  ZfiUner,  is  about  forty-sii  per 
cent,  a  trifle  lower  than  that  of  Saturn  and  Venus,  and  considerably 
below  that  of  Jupiter  and  Uranus.  There  are  no  visible  markings 
upon  its  surface,  and  nothing  !e  known  as  to  its  rotation.  The 
spectrum  of  the  planet  appears  to  be  precisely  like  that  of  Uranus. 
The  light  is  so  feeble  that  the  ordinary  lines  of  the  solar  spectrum 
are  difficult  to  make  out,  but  there  are  a  number  of  heavy,  dark 
bands,  which  indicate  the  existence  of  a  dense  atmosphere,  through 
which  the  light,  reflected  by  the  cloud-covered  surface  of  the  planet, 
b  transmitted,  — an  atmosphere  which  sppears  to  be  identically  the 

■  See  second  note  on  page  406. 
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same  on  Jx>th  Unniis  and  Neptone,  while  aome  of  its  coostitaents  are 
probably  present  In  Jupiter  and  Sattim,  as  shown  by  the  principal 
dark  band  in  the  red.  It  is  not  possible  as  yet  to  identify  the 
substance  which  produces  these  bands. 

It  will  be  seen  that  Uranus  and  Neptooe  form  a  "  pair  of  twins" 
very  much  as  the  earth  and  Venus  do  ;  being  nearly  alike  in  magnU 
tude,  deneity,  and  other  characteristics. 

661.  Satellite.  —  Keptune  has  one  satellite,  discovered  by  LasBell 
within  a  month  after  the  discoveiy  of  the  planet  itself.  Its  distance 
is  223,000  miles,  and  its  period  is  5*  21"  2".7.  Its  orbit  is  inclined 
34°  53',  and  it  movca  backward  in  it;  i.e.,  clockwise,  from  east 
towaixls  the  west,  like  the  satellites  of  Uranae.  It  is  a  very  small 
object,  appearing  of  about  the  same  brightness  as  Oberon,  the  outer 
satellite  of  Uranus.  From  its  brightness,  as  compared  with  that 
of  Neptune  itself,  we  estimate  that  its  diameter  is  about  the  same  as 
that  of  our  own  moon,  though  perhaps  a  little  larger. 

663.    Trani-Heptnnian  Planet. — Perhaps  the  breaking  down  of  Bode's 

law  at  Neptune  may  be  regarded  as  an  indication  that  the  ajEtem  tenoinateE 
with  him,  and  that  there  is  no  remoter  planet.  If  such  a  planet  exists,  how- 
OYBT,  it  is  sure  to  be  found  sooner  or  later,  either  by  means  of  its  disturbing 
action  upon  Uranus  and  Neptune,  or  else  by  the  methods  of  the  hsteroid 
hunters,  although,  of  course,  its  slow  motion  will  render  its  detection  in  this 
way  difficult.  Several  observers  have  already  devoted  a  good  deal  of  time 
and  labor  to  the  search. 

663.  In  the  Appendix,  we  give  tables  containing  the  roost  accurate  data 
of  the  planetary  system  at  present  available,  but  with  renewed  caulione.to 
the  student  that  these  data  are  of  very  different  degrees  of  accuracy.   , 

The  dislanceg  (in  astronomical  units),  and  the  period!  of  the  planets 
(except  perhaps  some  of  the  asteroids)  are  known  with  extreme  precisian; 
probably  the  very  last  figure  of  the  table  may  be  trusted.  The  other 
elements  of  their  orbits  are  also  known  very  closely,  if  not  quite  so  precisely 
ss  the  distances  and  periods.  The  matses,  in  terms  of  the  sun's  mass,  stand 
next  to  the  orbitelemeuts  in  order  of  precision,  with  an  error  probably  not 
exceeding  one  per  cent  (except,  however,  in  the  case  of  Mercury,  the  mass 
of  which  remains  still  very  uncertain). 

The  ratio  of  the  earth's  mass  to  the  sun's  is  however  less  accurately  known, 
being  at  present  subject  to  an  uncertainty  of  at  least  one  per  cent.  This  is 
because  its  determination  involves  a  knowledge  of  the  solar  parallax  (Art. 
278  •),  the  cube  of  which  appears  in  tlie  formula  for  the  ratio  of  the  masses. 

Of  course  all  the  masses  of  the  planets  exprened  in  terms  of  ike  earth's  mass  ^n 
subject  to  the  same  uncertainty  in  addition  to  all  other  possible  causes  of  error. 
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When  we  come  U>  the  diameteri,  volumeg,  and  denailies  of  the  planets,  the 
data  become  less  and  less  certain,  as  has  been  pointed  out  before.  For  the 
nearer  and  larger  planets,  say  Venus,  Mara,  and  Jupiter,  they  are  reason- 
ably satisfactory,  for  the  remotei  ones  less  so,  and  the  figures  for  the  density 
of  the  distant  planets,  —  Mercury,  Uranus,  and  Neptune,  for  instance, — are 
Tery  likely  subject  to  errots  of  tea  or  twenty  per  cent,  if  not  more. 

664.    We  borrow  from  Herschel's  "Outlines  of  Astronomy"  the  following 

illustration  of  the  relative  magnitudes  and  distances  of  the  members  of  our 
system.  "Choose  any  well-levelled  field.  On  it  place  a  globe  two  feet  in 
diameter.  This  will  represent  the  sun  ;  Mercury  will  be  represented  by  a 
gram  of  mustard-seed  on  the  oircumfereiioe  of  a  circle  164  feet  in  diameter 
for  its  orbit ;  Venus,  a  pea  on  a  circle  of  284  feet  in  diameter ;  the  Earth  also, 
B  pea  on  a  circle  of  430  feet  j  Mara,  a  rather  large  pin's-head  on  a  circle  of 
054  feet;  the  asteroids,  ^ains  o/sanii  in  orbits  of  1000  to  1200  feet;  Jupiter, 
H  moderate-sized  orange  in  a  circle  nearly  half  a  mile  across ;  Saturn,  a  gmall 
orange  on  a  circle  of  four-fifths  of  a  mile ;  Uranua,  a  fvU-aized  cherry  or 
tmall  plum  upon  the  circumference  of  a  circle  more  than  a  roile  and  a  half ; 
and  finally  Neptune,  a  good-sized  plum  on  a  circle  about  two  miles  and  a  half 
in  diameter-  ■  •  •  To  imitate  the  motions  of  the  planets  in  the  above-men- 
tioned orbits,  Mercury  must  describe  its  own  diameter  in  41  seconds;  Venus, 
in  4"  14* ;  the  Earth,  iu  7  minutes ;  Mars,  in  4™  48" ;  Jupiter,  in  2"  56"  ; 
Saturn,  in  3*"  13";  Uranus,  in  2"  16"  ;  and  Neptune,  in  3"  30"."  We  may 
add  that  on  this  scale  the  nearest  star  would  be  on  the  opposite  side  of  the 
globe,  at  the  antipodes,  8000  miles  away. 


,  EXSBCISE8  ON  Chapter  XVI. 

*  1.  When  Jupiter  is  visible  in  the  evening,  do  the  shadows  of  his  satellites 
precede  or  follow  the  satellites  as  they  cross  the  planet's  disc? 

*  2.  Od  which  limb,  the  eastern  or  the  western,  do  the  satellites  appear  to 
enter  upon  the  disc  ? 

*  3.   What  probable  effect  would  the  great  mass  of  Jupiter  have  upon  the 
size  of  animals  inhabiting  it,  if  there  were  any  ? 

4.   How  would  sunlight  upon  Satnru  compare  with  sunlight  on  the  earth? 
How  with  moonlight? 

'  5.    What  would  l)e  the  greatest  elongation  of  the  earth  from  the  sun  as 
seen  from  Jupiter ;  from  Saturn;  from  Uranus? 
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*  6.    What  would  be  the  apparent  angulu'  diameter  of  the  earth  when 

\  '•  transiting "  the  bud  as  seen  from  Jupiter? 

^  7.  What  is  the  rat«  in  miles  per  hour  at  which  a  white  spot  on  the 
equator  of  Jupiter,  showing  a  rotation-period  of  9"  50'°,  would  pass  a  dark 
spot  indicating  a  period  of  9»  56"  ? 

NOTB  TO  AKTf.   6SL  ANU  948. 

TEX  mw  8ATELLITSB.  The  alxth  and  aeventh  satellftea  of  Jupiter  were 
discovered  in  Januar?  and  Februaiy,  1906,  b;  Ferrlne,  at  the  Lick  Observatory, 
on  photographs  made  with  the  Crossley  reflector.  They  are  both  extremel; 
small, — the  seventb  Ihe  smaller, — and  probably  beyond  the  reach  of  visual 
observation.  They  are  for  ouUide  the  region  of  the  older  saiellites,  —a  pair  of 
twins  with  orblU  of  nearly  the  same  aiie,  more  than  seven  million  miles  in 
diameter,  inclined  about  30°  to  the  plane  of  the  plauet's  equator  and  to  each 
other.  But  the  data  given  In  Table  II  are  likely  to  be  modified  by  later 
observations. 

Phcebe,  the  ninth  satellite  of  Saturn,  was  first  announced  by  Professor  W.  R. 
Pickering,  in  1896,  as  found  on  photographs  made  at  Areqnlpa  with  the  Bruce 
telescope.  The  discovery  remained,  however,  without  confirmation  until  t9M, 
when  the  satellite  was  again  found  upon  a  large  number  of  later  photographs, 
BufBclent  to  permit  a  reasonably  accurate  determination  of  Its  orbit.  The  dis- 
tance from  the  planet  is  about  8  000000  miles,  the  period  18  months,  and  tke 
orbittU  motion  w  retrograde  I 

Themis,  Saturn's  tenth  satellite,  vras  found  by  Pickering  in  April,  1906,  upon 
nine  of  the  plates  which  had  been  used  in  the  InvestlgaUoD  of  Phcebe.  She  is 
a  little  twin  ^ster  of  Hyperion,  but  is  three  magnitudes  fainter,  and  has  an  orUt 
of  almost  the  same  size  and  period,  though  more  eccentric  and  differently  tlited. 
The  data  given  in  Table  II  are  to  be  regarded  as  provisional.  It  Is  worth  noting 
that  a  number  of  the  plates  which  were  examined  with  leterence  to  Themis  show 
unexplained  objects,  — possibly  asteroldH,  possibly  other  satellites. 

Note  to  Abts.  647  ahd  6W. 
Professor  See  at  the  U.  S.  Naval  Observatory  found  much  smaller  values  for 
the  diameters  of  Vronus  and  Neptune.  For  Uranus  he  got  27,980  miles,  and 
for  the  latter  27,100,  reversing  the  hitherto  received  order  of  magnitude.  This 
illustrates  very  well  the  uncerC^nty  still  hanging  about  the  determination  of 
the  diameter  of  a  small  luminous  disc. 
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CHAPTER  XVII. 

THK  DBTBBUUIATION  OF  THE  SUN'S  HORIZONTAL  PARALLAX 
AND  DISTANCE.  —  TRANSITS  OF  VENUS  AND  OPPOSITIONS  OF 
MARS.  —  GRAVITATIONAL  METHODS.  —  DETERMINATION  BY 
MEANS   OP  THE   VELOCITY   OF  LIGHT. 

686.  This  problem,  from  some  points  of  views,  is  the  most  funda- 
mental of  all  that  are  encountered  by  the  astronomer.  It  is  true  that 
it  is  possible  to  deal  with  many  of  the  subjects  that  present  them- 
selves in  the  science  without  the  necessity  of  employing  any  units 
of  length  and  mass  but  those  that  are  purely  astronomical,  leaving 
for  subsequent  determination  the  relation  between  these  units  and 
the  more  familiar  ones  of  ordinary  life :  we  can  get,  ao  to  speak,  a 
map  of  the  solar  system,  correct  in  proportum,  though  without  a  scale 
of  mile*.  But  to  give  the  map  its  real  meaning  and  use,  we  must 
find  the  scale  finally,  if  not  at  first,  and  until  this  is  done  we  can 
form  no  true  conceptions  of  the  actual  dimensions,  masses,  and 
distances  of  the  heavenly  bodies. 

The  problem  of  finding  the  true  value  of  the  astronomical  unit  is 
difficult,  because  of  the  great  disproportion  between  the  size  of  the 
earth  and  the  distance  of  the  sun.  The  relative  sniallness  of  the 
earth  limits  the  length  of  our  available  "base  line,"  which  is  less 
than  x^hvn  P*"*  °^  *^^  distance  to  be  determined  by  it."  It  is  as  if 
a  person  confined  in  an  upper  room  with  a  wide  prospect  were  set  to 
determine  the  distance  of  objects  ten  miles  or  more  away,  without 
going  outside  the  limits  of  his  single  window.  It  is  hopeless  to  look 
for  accurate  results  by  direct  methods,  such  as  answer  well  enough 
in  the  moon's  case,  and  astronomers  are  driven  to  indirect  ones. 

666.  EiltorioaL  —  Until  nearly  1700  no  even  reasonably  accurate 
knowledge  of  the  sun's  distance  had  been  obtained.  Arist&rchus,  by  a  very 
ingenious  though  inaccurate  method,  had  found,  as  he  thought,  that  the 
distance  of  the  aun  was  nineteen  times  as  great  as  that  of  the  moon  (it  is 
really  390  times  as  great),  and  Hipparchus,  combining  this  determination  of 
Aristarchua  with  bia  own  knowledge  of  the  moon's  distance,  estimated  the 
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sun's  parallax  at  3',  whitib  is  more  than  tNrentf  times  too  large.  This  Taliu 
was  accepted  by  Ptolemy,  and  remained  midiaputed  for  twelve  ceutiiriK,  until 
Kepler,  from  Tycho's  observations  of  Mara,  satisfied  himaeU  that  the  sun's 
parallax  could  not  exceed  1' ;  m.,  that  the  sun's  distance  most  be  at  least  as 
great  as  twelve  or  fifteen  millions  of  miles.  Between  1670  and  1680  Casaim 
proposed  to  determine  tbe  solar  parallax  by  observations  of  Mara ;  for  by  that 
time  the  distauce  of  Mars  from  the  earth  at  any  moment  could  be  very  accu- 
rately computed  in  astronomical  units,  so  that  the  determination  of  the  par- 
allax of  Mars  would  make  known  that  of  the  sun.  Observations  in  France, 
compared  Yrith  observations  made  in  South  America  by  astronomers  sent  out 
for  the  purpose,  showed  that  the  parallax  of  Mars  could  not  exceed  25",  or 
that  of  the  sun,  10".  Cassini  set  it  at  9".3,  corresponding  to  a  distance  of 
86,000000  of  miles,  —  giving  the  first  reasonable  approach  to  the  true  dimen- 
sions of  the  solar  system . 

In  1077,  and  more  fully  in  1718,  Halley  explained  how  transits  of  Yenus 
might  be  utiliied  to  furnish  a  far  more  accurate  determination  of  the  solar 
parallax  than  was  possible  by  any  method  before  used.  He  died  before  the 
transits  of  1761  and  1760  occurred,  but  tliey  wero  both  observed,  the  first 
not  very  satisfactorily,  but  the  second  with  perfect  success,  and  in  the  most 
widely  separated  parts  o£  the  globe.  The  results,  liowever,  were  by  no 
means  as  accordant  as  had  been  expected.  Various  values  of  the  sun's  par- 
allax were  dednced,  ranging  all  the  way  froui  81"  to  9",  according  to  the 
observations  used,  and  the  way  they  were  treated  in  the  discussion. 
Towards  the  end  of  the  century,  Jji  Place  adopted  and  used  for  a  while  the 
value  6".81,  while  Delambra  preferred  8".6. 

667.  In  1822-24  Encke  collected  all  the  transit  observations  that 
had  been  published,  and  diacussed  them  as  a  whole  in  an  extremely 
thorough  manner,  deducing  ae  a  flaal  result  from  the  two  transits  of 
1761  and  1769,  8".5776,  corresponding  to  a  distance  of  05j  millions 
of  miles.  The  decimal  is  very  imposing,  and  the  diacusaion  by 
which  it  was  obtained  was  unquestionably  thorough  and  laboriona, 
80  that  his  value  stood  nnquestioned  and  classical  for  many  years. 

The  first  note  of  dissent  was  heard  in  1854,  when  Hansen,  in 
publishing  certain  researches  upon  the  motion  of  the  moon,  an- 
nounced that  Encke's  parallax  was  certainly  too  small;  he  after- 
wards fixed  the  figure  at  8". 97,  but  the  correction  of  certiun  numeri- 
cal errors  in  his  work  reduced  this  result  to  S".92. 

Three  or  four  years  later  Leverrier  found  a  value  of  6".95  from  the  so- 
called  lunar  eqwition  of  the  sun's  motion ;  and  In  1862  Foucault,  from  a  new 
determination  of  the  velocity  of  light,  combined  with  the  constant  of  aber> 
ration,  got  the  value  8". 86.  A  re-discussion  of  the  old  transit  of  Venus 
observations  was  then  mode  by  Stone,  of  England,  who  deduced  from  them 
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ftTolue  of  6".&43.  The  value  of  8".95  was  adopted  by  the  British  Nautical 
Almanac,  and  used  in  it  until  the  issue  of  1882.  The  correaponding  dis- 
tance of  01^  millions  of  miles  found  its  way  into  numerous  text-books,  and, 
though  known  to  be  erroneous,  still  bolda  its  place  in  some  of  them. 

Id  1867  Newcomb  made  a  discusBion  of  all  the  data  then  avail- 
able, and  obtained  the  value  8".848  (or  8",85  practically),  wliich 
ralue  is  still  (1897)  used  in  all  the  ^Nautical  Almanacs  except  the 
French,  which  uses  8".86.  After  1900,  however,  it  is  agreed  to  use 
8".80  in  all  of  them. 

668.  The  observations  of  Oill  on  the  planet  Mars  in  1877,  and 
the  new  determinations  of  the  velocity  of  light  by  Michelaon  and 
Newcomb  in  this  country,  as  well  as  the  investigations  of  Neison 
and  others  upon  the  so-called  "parallactic  inequality"  of  the  moon, 
all  point,  however,  to  a  somewhat  smaller  value.  Professor  Kew- 
comb  says  (in  1885),  "All  we  can  say  at  present  is  that  the  solar 
parallax  is  probably  between  8".7S  and  8".83,  or  if  outside  these 
limits,  that  it  can  be  very  little  outside."  The  latest  investigations 
fully  confirm  this  conclusion.     (See  note  at  end  of  the  chapter.) 

It  was  not,  however,  thought  Ncorth  while  to  change  the  constant  used  in 
the  almanacs  until  the  final  reduction  of  the  transits  of  1874  and  1882  had 
been  made,  and  until  certain  experiments  and  investigations  in  progress 
have  been  finished.  The  difference  between  8".80  and  8".85  is  of  no  prac- 
tical account  for  almanac  purposes,  and  the  change  would  involve  alterations 
in  a  number  of  the  tables. 

Accepting  Clarke's  value  of  the  earth's  equatorial  radins  (Art.  145),  viz., 
0378206.4™  or  3S63.3  miles,  we  find  that  a  solar  parallax  of 

8".75  corresponds  to  23673  radii  of  the  earth  =  93428000  miles. 


8".85  "  ■'  23307     «     "    "       "     =  92372000     " 

8".90  "  "23196     "      "    "       ••     =91852000     " 

669.    MethodB  of  flndiug  the  Solar  Parallax  and  Diftanoe. — We 
may  classify  them  as  follows :  — 

I.  Ancient  Methods. 

(A)  Method  of  Aristarchus  [0]. 
(S)  Method  of  Hipparchus  [0]. 

IL  Geometrical  and  Trigonometrical  Methods,  in  which  we  attempt 
to  find  by  angular  measurements  the  parallax,  either  of  the  sun 
itself  or  of  one  of  the  nearer  planets. 
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{A)  The  direct  method  [0]. 

{B)  ObseirationB  of  the  displacement  of  Man  among  the  Btan 
at  the  time  of  oppo§ition. 

(a)  Deolination  obBeiratiooB  from  two  or  more  stations  inwidel; 

differeat  latitudes  made  with  meridian  oirdes  or  micrometer 

[25]. 
(()  Obserratioas  made  at  a  single  itation  near  the  equator,  by 

meaauring  the  distance  of  the  planet  east  or  west  from 

neighboring  stars,  n«ing  the  heliometer  [90]. 

(C)  Declination  obBeirationB  of  Venus  [20]. 
,  (D)  ObaervatioQa  of  some  of  the  nearer  aateroida  in  tiie  same 
way  as  Mara, 
(a)  Meridian  obseirations  at  two  stations  In  widely  diffeient 

latitudes  [20]. 
(ft)  Heliometer  obserrstionB  at  an  equatorial  station  [SO]. 
{E)  Obaerrationa  of  the  tronaite  of  Venus  at  widely  separated 
atatioDS. 

(a)  ObserrationB  of  the  contacts. 

(1)  Halley's  method  —  the  "method  of  duratiom"  [40]. 

(2)  Delisle's  method — observation  of  ab$oluie  funei  [50]. 

(b)  Heliometer  measniamenta  of  the  position  of  the  planet  <m 
the  sun  [7S]. 

(c)  ^ott^aphic  methods— various  [20  to  76]. 

HI.   Gravitational  Methods. 

{A)  B;  the  moon's  parallactdo  inequality  [70]. 
{B)  By  the  lunar  equation  of  the  sun's  motion  [40]. 
(C)  By  the  perturbations  produced  by  the  earth  on  Venos  and 
Mars  [70];   (ultimately  [953). 

IV.   By  the  Velocity  of  Light,  combined  with 

(A)  The  light  equation  [60]. 
(£)  The  constant  of  aberration  [90].^ 
The  figures  in  brackets  at  the  right  are  intended  to  express  roaghly  the 
relative  valna  of  the  different  methods,  on  the  scale  of  100  for  a  method 
which  would  insure  absolute  accuracy. 

670.  Of  the  Ancient  Methods,  that  of  Aristaiohus  is  so  ingenious 
and  simple  that  it  really  deserved  to  be  successful.  When  the  moon 
is  exactly  at  the  half  phase,  the  angle  at  M  (Fig.  184)  must  be  just 

1  For  speotroscopic  method,  see  note  on  page  427. 
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90°,  and  the  angle  AEM  must  equal  MSE.    If,  then,  we  can  find 

bow  much  shorter  the  arc  NM  (from  new  to  half  moou)  is  than  MF 

(from  half  moon  to  full),  half  the  difference  vnU  measure  AM,  and 

give  the  angle  at  S.     Aristarchus  concluded  that  ths  first  quarter  of 

the  month  was  just  about  twelve  hours  shorter  than  the  second,  so 

that  AMwa&  measured  by 

six  hours'  motion  of  the  >4-^^^ 

moon,  or  a  little  less  than 

4°.     Hence  he  found  SE, 

the  distance  of  the  sun, 

to  be  about  nineteen  times 

EM  —  a  value   absurdly 

wrong,  since  SE  is  in  fact    Ari™«h».'MeUK>iofD8t.rmtofDg.i«s«='.Dirt«.o, 

nearly  390  times  ^Af.  The 

real  differenoe  between  the  two  quarters  of  the  month  is  only  about 

half  an  hour,  instead  of  twelve  hours. 

The  difficulty  with  the  method  is  that,  owing  to  the  ragged  and 
broken  character  of  the  lunar  surface,  it  is  impossible  to  observe 
the  instant  of  half  moon  with  sufficieat  accuracy. 

671.  The  estimate  of  Hipparchus  waa  baaed  upon  the  erroneoas  calcu- 
lation of  Aristarcbua  that  the  sun'a  dietauce  is  19  timea  the  moon's,  and  the 
solar  parallax,  therefore,  j^  of  the  moon's  parallax. 

The  "  radius  of  the  earth's  shadow,"  where  the  moon  cuts  it  at  a  lunar 
eclipse,  is  given,  as  Hipparchus  knew,  b;  the  formula  p  =  P  +  p—  S  (Art. 
272),  01  P+p  =  p  +  S.  Assuming  that  P=19p,  we  have  20p=p  +  S.  Now 
S,  the  sun's  semi-diameter,  is  about  15';  and  from  the  duration  of  lunar 
eclipses  Hipparchus  found  p  to  be  about  40' ;  hence  he  obtained  for  p,  the 
■olar  parall&x,  a  value  a  little  less  than  3',  which,  as  has  been  already  men- 
tioned, was  accepted  by  Ftolemj,  and  by  succeeding  astronomers  for  more 
than  1500  years.     (Wolfs  "  History  of  Astronomy,"  p.  175.) 

87S.  Of  the  Oeometrioal  Xothoda,  A,  the  "direct  method"  con- 
sists in  observing  the  sun's  apparent  declination  with  the  meridian 
circle  at  two  stations  widely  differing  in  latitude,  just  as  we  observe 
the  moon  when  finding  its  parallax  (Art.  239).  Theoretically, 
observations  of  this  sort  might  give  the  value  of  the  sun's  parallax 
within  i"  or  so,  but  the  method  is  practically  worthless,  because 
the  errors  of  observation  are  large  as  compared  with  the  quantity 
to  be  determined.  The  sun's  limb  is  a  very  bad  object  to  point  on, 
and  besides,  its  heat  disturbs  the  adjustments  of  the  instrument,  thus 
rendering  the  observations  still  more  inaccurate. 
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673.  The  first  of  the  two  methods  of  observing  the  planet  Mars 
is  (necisely  the  same  aa  this  direct  method  of  observing  the  sun; 
but  the  distance  of  Mars  at  a  "aear  opposition"  is  only  a  little 
more  than  ^  that  of  the  sun,  so  that  any  error  of  observatioa 
affects  the  final  resitlt  by  only  about  ^  as  much ;  and,  moreover. 
Mars  is  a  very  good  object  to  observe,  so  that  the  errors  of  observa- 
tion themselves  are  much  lessened.  The  planet's  distance  &om 
the  earth  baviog  been  found  in  astronomical  units  by  the  method 
of  Ai-t.  £15,  the  determination  of  its  distance  in  miles  will  fix  the 
value  of  this  unit,  and  so  give  us  directly  the  sun's  distance  and 
parallax. 

The  method  requires  two  observers  working  at  a  distance  from  each 
other  with  different  instruments,  which  ia  a  serious  disadvantage. 

For  some  unexplained  reason,  observations  of  this  sort  seem  almost  inva- 
riably to  give  too  large  a  result  for  the  solar  parallax,  averaging  between 
8". 90  and  8".B8.  The  red  color  of  the  planet  may  possibly  have  something 
to  do  with  this  by  affecting  the  astronomical  refraction.  This  method,  in 
1680,  was  the  first  to  give  a  reasonable  approximation  to  the  Eon's  true 
distance,  as  has  been  mentioned  before. 

The  planet  Venus  can  be  observed  in  the  same  way,  and  has  been  once 
BO  observed  by  Gillis,  1840-52,  at  Santiago,  Chili,  in  co-operation  with  the 
Washington  observers,  but  the  result  was  not  very  satbfactory. 

674.  Heliometer  Obiervatioiu  of  Han  (Method  b).  —  It  is  pos- 
sible, however,  for  a  single  observer  to  obtain  better  results  than 
can  be  got  by  two  or  more  using  the  preceding  method.  Sup|K>se 
that  the  orbital  motion  of  Mars  ia  suspended  for  a  ivbile  at  oppo- 
sition, and  that  the  planet  is  on  or   near  the  celestial  equator; 


Iha  Itlsbt  AKanaion  of  Uu*. 


and  also  that  the  observer  is  at  a  station,  0,  on  the  earth's 
equator.  When  Mars  ia  rising  at  Mg,  Fig.  185,  the  horizontal 
parallax  OMfC  depresses  the  planet;  that  is,  he  appears  from  Oto 
be  further  eaM  than  he  would  if  seen  from  C,  the  centre  of  the 
earth ;  so  that  the  parallax  then  increases  the  planet's  right  ascen- 
sion.    Twelve  hours  later,  when  he  is  setting,  the  parallax  will 


D.gitizect.yG00glc 


HSUOMETBR  0BBBRVATI01T3  OF  HAB8. 


418 


throw  him  tovards  the  weat,  dimitiisking  his  right  aeeension  by  the 
same  amoont.  If,  tbea,  when  the  planet  is  nsing,  we  measure  care- 
fully its  distance  west  of  a  star  S,  which  is  supposed  to  be  just  east 
of  it  (the  distance  Jf^  in  Fig.  186),  and  then  measure  the  distance 
M^  from  the  same  star  again  when  it  is  setting,  the  difference  will 
give  us  twice  the  horizontal  parallax.  The  eartli's  rotation  will 
have  performed  for  the  observer  the  function  of  a  long  Journey  in 
transporting  him  from  one  station  to  another  8000  miles  away  in  a 
straight  line. 

675.  Of  course  the  observations  are  not  practically  limited  to  the 
moment  when  the  planet  is  just  rising,  nor  is  it  necessary  that  the 
star  measured  from  should  be  exactly  east  or  west  of  the  planet. 
Measures  from  a  number  of  the  ^r 
neighboring  stars.  Si,  S^,  <^i,  and 
St  would  fix  the  positions  M,  and 
Jf„  with  more  accuracy  than  meae- 
nrea  from  S  alone.  Nor  will  the 
planet  stop  in  its  orbit  to  be  ob- 
Ber\'ed,  nor  will  it  have  a  declina- 
tJOD  of  zero,  nor  can  the  observer 
command  a  station  exactly  on  the 
earth's  equator.  But  these  varia- 
tions from  the  ideal  conditions  do 
not  at  all  atTect  the  principles  in- 
volved; they  simply  complicate  the 
calculatione  slightly  without  com- 
promising their  accuracy. 

The  method  has  the  very  great  ' 

advantage  that  all  the  observations    >"""»"•  *^'"3!,' 
are  made  by  one  person,  and  with 
one  instrument,  so  that,  as  far  as  can  he  seen,  all  f 
affect  the  reault  are  veiy  thoroughly  eliminated. 

676.  The  most  elaborate  deterniination  of  the  solar  parallax  jet  made 
by  Ihia  method  ifl  that  of  Mr.  Gill,  vilio  was  sent  out  for  the  purpose  by  the 
Royal  Aatronomioal  Society  in  1877  to  Ascension  Island  in  the  Atlantic 
Ocean.  His  result,  from  350  sets  of  measnrementa,  gives  a  solar  parallax 
of  8".783±0".015,  — a  result  probably  very  close  to  the  truth,  though  pos- 
sibly a  little  small.  In  18B2  and  18114  favorable  oppositions  of  Mars  again 
occurred,  and  the  observations  were  repeated  at  the  Cape  of  Good  Hope  and 
elsewhere  with  confirmatory  results. 


wiib  Nel^. 


i  that  could 


D.gitizect.yG00glc 


414  DETERMINATION   OF   THE   SUNS   DISTANCE. 

Venns  cannot  be  observed  in  this  waj,  since  eitlier  her  rising  or  Betting 
is  in  the  daytime,  when  the  small  stars  cannot  be  seen  near  her. 

676*.  Heliometer  Obaenratiotu  of  Aiteroida.  —  Heliometer  ob- 
servations of  the  nearer  asteroids  furnish  perhaps  the  best  of  all 
the  geometrical  methods.  It  is  true  that  the  minor  planets  are 
more  distant  than  Mars  (Eros  excepted),  hence  a  given  error  in  their 
observation  entails  a  greater  error  in  the  final  result.  But  on  the 
other  hand,  they  can  be  observed  with  far  greater  precision,  because 
they  appear  as  mere  star-like  points,  in  brightness  and  color  just 
like  the  stars  around  them  which  serve  as  points  of  reference. 

The  method  has  been  applied  several  times,  moat  recently'  in  1889-90, 
when  three  of  the  asteroids,  Victoria,  Iris,  and  Sappho,  were  concertedly, 
and  most  carefully,  observed  by  Dr,  Gill  at  the  Cape  of  Good  Hope,  Dr. 
Elkin  at  New  Haven,  and  two  or  three  observera  in  Europe.  The  observa- 
tions have  been  thoroi^hly  reduced,  and  the  results  are  very  accordant  and 
apparently  eittemely  accurate.  Gill  obtains  from  them  for  the  parallax  of 
the  sun  8".802  ±  0".005. 

677.     Tho  Heliomster.  —  The  heliometer,  the  instrument  employed  in 
these  measures,  is  one  of  the  most  important  of  the  modern  instnimenta  of 
precision.    As  its  name  implies,  it  was  first  designed  to  measure  the  dianteter 
of  the  sun,  but  it  b  now  used  to  measure  any  distance  ranging  from 
a  few  minutes  up  to  one  or  two  degrees,  which  it  does  with  the  same  accu- 
racy as  that  witii  which  the  filar  micrometer  measures  distances  of  a  few 
seconds.     It  i«  »  "  double  im^e  "  micrometer,  made  by  dividing  the  object- 
glass  of  a  telescope  along  its  diameter,  as  shown 
in  Fig.  187.    The  two  halves  are  so  mounted  that 
they  can  slide  by  each  other  for  a  distance  of  tbree 
or  four  inches,  the  separation  of  the  centres  being 
accurately  measured  by  a  delicate  scale,  or  by  a 
micrometer  screw  operated  and  read  by  a  suitable 
arrangement  from  the   eye-end.     The  instrument 
is  mounted  equatorially  with  clock-work,  and  the 
tube  can  be  turned  in   its  cradle  so  as  to  tnaka 
*      Si     Cfi"    O'         ^^  ''"*  °^  division  of  the  lenses  lie  in  any  desired 
Sr     So     St  direction.     When  the  centres  of  the  two  halves  of 

Via.  1ST.  —The  HsiiamaMr.     the  object-glass  Coincide,  the  whole  acts  as  a  single 
lens.    As  soon  as  the  centres  are  separated,  each 
half  of  the  object-glass  forms  its  own  image. 

To  measure  the  distance  from  Mars  to  a  star,  the  telescope  tube  is  turned 
so  that  the  line  of  centres  points  in  the  right  direction,  and  then  the  semi- 
lenses  are  separated  until  one  of  the  two  images  of  the  star  comes  exactly  io 
the  centre  of  one  of  the  images  of  Mars;  this  can  be  done  in  two  positions 
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of  the  serai-lenB  A  with  respect  to  B,  aa  shown  by  the  figure.  We  may  either 
make  S^  (the  image  of  the  star  formed  by  aemi-lens  B)  coincide  with  Jf, 
formed  by  ^ ,  or  make  5,  coincide  with  M^.  The  whole  distance  from  1  to  2 
then  measures  twice  the  distance  between  M  and  S. 

678.  Traniit  ol  Vonni  Obsoirationi.  —  At  the  tine  when  VeouB 
passes  betwesQ  ub  and  the  sun,  her  distance  from  the  earth  is  only 
some  26  000000  of  miles,  so  that  her  horizontal  parallax  is  nearly 
four  times  as  great  as  that  of  the  sun  itself.  At  this  time  her 
apparent  displacement  upon  the  sun's  disc,  due  to  a  change  of  the 
observer's  station  upon  the  earth,  is  the  difference  between  her  own 
parallax  due  to  this  displacement,  and  that  of  the  sun  itself ;  and 
this  difference  is  greater  than  the  sun's  parallax  nearly  in  the  ratio 
of  3  to  1,  or,  more  exactly,  of  723  to  277.'  The  object,  then,  of  the 
observations  of  a  transit  is  to  obtain  in  some  way  a,  measure  of  the 
angular  displacement  of  Venus  on  the  sun's  disc,  corresponding  to 
the  known  distance  between  the  observer's  stations  upon  the  earth. 

679.  Halley's  Method. —  The  method  proposed  by  Halley,  who 
in  1677  brought  to  notice  the  great  advantages  presented  by  a  transit 
of  Venus   for   determining   the   sun's 

parallax,  was  as  follows :  Two  sta- 
tions are  chosen  upon  the  earth's  but- 
foce,  as  far  separated  in  latitude  as 
possible.  From  them  we  observe  the 
duratUm  of  the  transit;  that  is,  the 
interval  of  time  between  its  beginning 
and  end,  both  of  which  must  be  visible 
at  both  stations.  If  the  clock  runs  cor- 
rectly during  the  few  h  ours  during  which 

the  transit  lasts,  this  is  all  that  is  neces- 

,„     ,        \  ,.     1  ..  CoQlMla  In » TruiBlt  of  Vraia. 

sary.    We  do  not  need  to  know  its  error 

in  reference  to  Qreenwich  time,  nor  even  in  respect  to  the  local  time, 

except  roughly.    This  was  a  great  advantage  of  the  method  in  those 

days,  before  the  era  of  chronometers,  when  the  determination  of  the 

longitude  of  a  place  was  a  very  difficult  and  uncertain  operation. 

I  Sfnce  the  distance  ol  Venus  from  tbe  sun  is  D.TSS  of  the  astroaotnical  unit, 
bet  dlBUUic«  from  the  earth  at  time  of  transit  is  0.277.  Let  p  be  tbe  sun's 
parallax  and  e  that  oi  Venus :  then,  since  tbe  parallax  of  a  bod;  is  InTersel; 
proportional  to  its  distance  from  the  earth  (Art  6S),  «  =  p  x  -^zw",   and  v  ~  p 

/1000-277\  72.1        _  .   , 

=  "{       277       J=PX^^.ssstated. 
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The  observation  to  be  made  is  simply  to  note  the  clock  time  at  which 
"contact"  oocura,  there  being  four  of  these  contacts,  —  two  exterior 
and  two  intemal,  at  the  points  marked  1, 2, 3,  i,  in  Fig.  188.  Halle; 
depended  mainly  on  the  two  internal  contacts,  which  he  supposed 
could  be  observed  with  an  error  not  exceeding  one  second  of  time. 

680.  Compatation  of  the  Parallax.  —  Having  the  durations  of  the 
transits  at  the  two  stations,  and  knowing  the  hourly  angular  motion 
of  Venus,  we  have  at  once  and  very  accurately  the  length  of  the  two 
chords  described  by  Venus  upon  the  sun,  expressed  in  seconds  of 
B  also  know  the  sun's  semi-diameter  in  seconds,  and  hence 


Fia.  189.  —  Holle;'!  Method. 


ill  the  triangles  (Fig.  189)  Sab  and  Sde,  we  can  compute  the  length 
(in  seconds  still)  of  Sb  and  Se,  the  difference  of  which,  be,  is  the 
angular  displacement,  due  to  the  distance  between  the  stations  on  the 
earth.*  The  virtual  base  line  is,  of  course,  not  the  distance  between 
B  and  £  as  a  straight  line,  because  that  line  is  not  perpendicular  to 
the  line  of  sight  f  com  the  earth  to  Venus,  nor  to  the  plane  of  the 
planet's  orbit,  but  the  true  value  to  be  used  is  easily  found.  Calling 
this  base  line  /3,  we  have 


^"=«"x(S)G). 


r  being  the  radius  of  the  earth. 

The  rotation  of  the  earth,  of  course,  comes  in  to  shift  the  places 
of  E  and  B  during  the  transit,  but  this  can  easily  be  allowed  for; 
and  if  the  stations  are  well  situated,  it  increases  the  diSerence 
between  the  two  durations,  and  increases  the  accuracy  of  the  result 

'  In  orSer  Uiat  the  method  may  be  practically  auccessful,  it  is  necessary  tbM 
the  transit  track  should  lie  near  the  edge  of  the  sun's  disc,  for  two  reasons.  II 
is  desirable  that  the  duration  should  not  be  more  than  three  or  four  houis,  while 
tor  a  central  transit  it  lasts  eight  hours  (Art.  575).  Moreover,  it  the  two  chords 
were  near  the  centre  of  the  disc,  any  small  error  in  the  length  of  either  choid 
would  produce  a  great  error  in  the  computed  distance  between  them.  When 
they  He  as  In  the  figure  (which  has  been  the  case  in  all  i«cent  transits),  the  revena 
is  true ;  a  considerable  error  in  the  observed  length  of  one  of  the  chords  affects 
their  computed  distance  only  slightly. 
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6B1.  The  Black  Drop.  —  Halle;  expected,  as  haa  been  said,  that 
it  would  be  possible  to  observe  the  instant  of  iDternal  contact  within 
^^^^^^^^^^^—  *  single  secoDd  of  time,  but  he  reckoned  with- 
^^^^^^^^^^1    out  his  host.     At  the  tranaite  of  and 

^^^^^^^^^^^^    1769,  at  most  of   the   stations  the  planet  at 
1  ^^^B  the  tjme  of  internal  contact  showed  a  "  liga- 

I  ^^^  ment"  or  "  black  drop,"  like  Fig.  190,  instead 

I  of  presenting  the  appearance  of  a  round  disc 

I I    neatly  touching  the  edge  of  the  sun ;  and  the 

viG.iw.— ThaBtukDnip.    time  of  real  contact  was  thus  made  doubtful 
by  10'  or  15'. 

ThiB  "ligament"  depends  upon  the  fact  that  the  optical  edge  of  the 
image  of  a  bright  body  is  not,  and  in  the  nature  of  things  cannot  be,  abso- 
lutely sharp  in  the  eye  or  in  the  telescope.  In  tlie  eye  itself  we  have 
irradiation.  In  the  telescope  we  have  the  difficulty  that  even  in  a  perfect 
instrument  the  image  of  a  luminous  point  or  line  has  a  certain  width  (which 
with  a  given  minifying  power  is  less  for  a  large  instmnient).  Moreover 
a  telescope  is  usually  more  or  less  imperfect,  and  practically  adds  other 
defects  of  definition,  so  that  whenever  the  limbs  of  two  objects  approach 
each  other  in  the  field  of  view 
of  a  telescope  we  have  mor 
less  distortion  due  to  the  c 
lapping  of  the  two  "penum- 
bras of  imperfect  definition," 
—  the  same  sort  of  effect  that 
is  obtained  by  putting  the 
thumb  and  finger  in  contact, 
holding  them  up  within  two 
or  three  inches  of  the  eye  and 
tiien  separating  them :  as  they 
separate,  a  "black  ligament" 
will  be  seen  between  tliem. 

With  modern  telescopes,  and 
by  great  care  in  preventing  the 
sun's  image  from  being  too 
bright,  so  as  to  diminish  irradi' 
mion  in  the  eye  as  far  as  pos- 
sible, the  black  drop  was  re- 
duced to  reasonably  small  pro- 
portions in  1874  and  1882,  and 
practice  beforehand  with  an  "  artificial  transit "  enabled  the  observer  in  soma 
degree  to  allow  for  its  effect.  But  a  new  difficulty  appeared,  from  which 
there  seems  to  be  absolutely  no  way  of  escape, — the  planeC»  atmcaphere 
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cause*  U  to  be  surrounded  bg  a  luminous  ring  as  it  enters  upon  the  sun's 
disc,  and  thus  renders  the  time  of  the  contact  uncertain  hy  at  least  five 
or  six  seconds.  In  both  the  transits  of  1874  and  1882,  difFerencee  of  that 
amount  continually  appeared  among  the  results  of  the  best  observers.  Pig- 
191  shows  the  appearances  due  to  this  cause  as  observed  by  Vogel  in  1SS2. 

683.  Setiile'i  Method. —  Halley's  method  requires  the  use  of  polar 
stations,  uncomfortable  and  hard  to  reach,  and  also  that  the  weather 
should  permit  the  observer  to  Bee  both  the  beginning  and  end  of  the 

transit. 

Delisle's  method,  on  the  other  hand,  utilizes  two  stations  near  the 
equator,  taken  on  a  line  roughly  parallel  to  the  planet's  motion.  It 
reqaires  edaotiiaX  the  ohsBTvers  should  know  t?tsir  longitude  accurately, 
so  as  to  be  able  to  determine  the  Greenwich  time  at  any  moment ; 
but  it  does  not  require  that  they  should  see  both  the  beginning  and 
end  of  the  transit ;  observatioiiB  of  either  phase  can  be  utilized : 
and  this  is  a  great  advantage.  Suppose,  then  (Fig.  192),  that  the 
observer  Won  one  side  of  the  earth  notes  the  moment  of  internal 
contact  in  Qreeuwich  time,  the  planet  then  being  at  Vi-  When  E 
notes  the  contact  (also  in  Crreenwich  time)  the  planet  will  be  at  l\, 
and  the  angle  at  D  will  be  the  angular  diameter  of  the  earth  as  seen 


Fig.  IBS.  -  Dellile'i  Metbod. 

from  D ;  i.e.,  simply  twice  the  sun's  parallax.  Now  the  angle  7>  is  at 
once  determined  by  the  time  occupied  by  Venus  in  passing  from  T, 
to  K,,  since  in  584  days  (the  synodic  period)  she  moves  completely 
round  from  the  line  DWto  the  same  line  again.  If  the  time  from 
Vi  to  F,  were  twelve  minutes,  we  should  find  the  angle  at  D  to  be 
about  18". 

The  observations  of  the  internal  contacts  of  the  transits  of  1874  and 

1882  give  results  according  to  Newcomb  ranging  from  8", 72  to  8",88,  with 
a  weighted  mean  according  to  Newcomb  of  8" .794. 

683.  HeliometerObiervationi.  —  Instead  of  observing  simply  the 
times  of  contact,  and  leaving  the  rest  of  the  transit  unutilized,  as  in 
the  two  preceding  methods,  it  is  possible  to  make  a  continuous  series 
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of  meaauremeiita  of  the  distance  and  direction  of  the  planet  from  the 
nearest  point  of  the  sun's  limb.  These  measurements  are  best  made 
with  the  heiiometer  (Art  677),  and  gire  the  means  of  determining 
the  planet's  apparent  position  npon  the  sun's  disc  at  any  moment 
-witii  extreme  precision.  Such  sets  of  measurements,  made  at 
widely  separated  stations,  will  thus  furnish  accurate  determinations 
of  the  apparent  displacement  of  the  planet  on  the  sun's  disc,  corre- 
sponding to  known  distances  on  the  earth,  and  so  will  give  the  solar 
parallax. 

I>aring  the  transit  of  1882  extensive  series  of  observations  of  this 
sort  were  made  by  the  German  parties,  two  of  which  were  in  the 
United  States,  —  one  at  Hartford,  Gonn.,  and  the  other  at  San 
Antonio,  Texas. 

For  some  reason,  not  clearly  ovident,  the  resnlts,  while  very  accordant 
among  themselveB,  are  cotiBiderably  lai^r  than  the  average  deduced  from 
other  methodi.  From  the  heiiometer  observations  of  1874  the  patallax 
came  out  8".876,  and  from  those  of  1883,  8".879. 

684.  Photographio  ObierTatioiu.  —  The  heiiometer  measurements 
cannot  be  made  very  rapidly.  Under  the  most  favorable  circum- 
stances a  complete  set  requires  at  least  fifteen  minutes,  so  that  the 
whole  number  obtainable  during  the  seven  or  eight  hours  of  the 
transit  is  quite  limited.  Photographs,  on  the  other  hand,  can  be 
nude  with  great  rapidity  (if  necessary,  at  the  rate  of  two  a  minute), 
and  then  after  the  transit  we  can  measure  at  leisure  the  position  of 
the  planet  on  the  sun's  disc  as  shown  upon  the  plate.  At  first  sight 
this  method  appears  extremely  promising,  and  in  1874  great  reliance 
was  placed  npon  it.  Nearly  all  the  parties,  some  fifty  In  number, 
were  provided  with  elaborate  photographic  apparatus  of  various 
kinds.  On  the  whole,  however,  the  results,  upon  discussion,  appear 
to  be  no  more  accordant  than  those  obtained  by  other  methods,  so 
tliat  in  1882  the  method  was  generally  abandoned,  and  used  only  by 
the  American  parties,  who  employed  an  apparatus  having  some 
peculiar  advantages  of  its  own. 

680.    English,  Oemuuk,  and  Frenoh  Methods.  —  in  1874,  the  English 

parties  used  telescopes  of  six  or  seven  inches  aperture,  and  magnified  the 
image  of  the  sun  formed  by  the  objecl-glass  by  a  combination  of  lenses 
applied  at  the  eye-end.  There  were  no  special  appliances  for  eliminating  the 
distortion  produced  by  the  enlarging  lenses,  nor  for  ascertaining  the  exact 
orietitation  of  the  picture  (that  is,  the  direction  of  the  image  upon  the  plate 
with  reference  to  north  and  south),  nor  foe  determining  its  scale. 
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The  Germans  and  Russians  employed  a,  nearly  similar  apparatus,  bnt 
with  the  important  difference  that  at  the  principal  focus  of  the  object^lita 
they  inserted  a  pUte  of  glass  ruled  with  squares.  These  squares  are  pholc- 
graphed  upon  the  image  of  tbe  gud,  and  furnish  a  very  satisfactory  means 
of  determining  the  scale  and  distortion,  if  any,  of  the  iJnJ^;e.  The  object- 
glasses  used  by  the  English  and  the  Germans  had  a  focal  length  of  seren 
or  eight  feet.  The  French  employed  object-glasses  with  a  focal  length  ot 
Borne  fourteen  feet,  the  telescope  being  horizontal,  while  the  rays  of  the  sun 
were  reflected  into  it  by  a  plane  mirror ;  instead  of  glass  plates  they  used  the 
old-fashioned  metallic  daguerreotype  plates,  in  order  to  avoid  any  possible 
"  creeping  "  of  the  collodion  film,  which  was  feared  in  tiie  more  modern  wet- 
plate  piocesa.  The  French  plates  funiish,  however,  no  accurate  orientation 
of  the  picture. 

686.  The  American  Apparatos.  —  The  Americans  used  a  similarplan, 
with  some  modifications  and  additions.  Tlie  telescope  lenses  employed  were 
five  inches  in  diameter  and  forty  feet  in  focal  length,  so  that  the  image 
directly  formed  upon  the  plate  was  about  4  j  inches  in  diameter,  and  needed 
no  enlargement.  The  telescope  was  placed  horizontal  and  in  the  meridian. 
its  exact  direction  being  determinable  by  a  small  transit  instrument  which 
was  mounted  in  such  a  manner  that  it  could  look  into  the  photograph  tele- 
scope, as  inio  a  collimator,  when  the  reflector  was  removed.  The  reflector 
itself  was  a  plane  mirror  of  unsilvered  glass  driven  by  clock-work.  Fig.  lOS 
shows  the  arrangement  of  the  apparatus.  In  front  of  the  photogr^hic 
plate,  and  close  to  it,  wa.s  supported  a  glass  plate  ruled  with  squares  called 
tbe  "  reticle  plate,"  and  in  the  narrow  space  between  this  and  the  phoCogr^iii 


Apparatna  tor  Pbolognpbing  tbe  Trault  at  Vapi 
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plate  was  suspended  a  plumb-line  of  fine  silver  wire,  the  image  of  which 
appeared  upon  the  plate,  and  gave  the  meana  of  determining  the  orientation 
of  the  image  with  extreme 
precision.  If  the  reflec- 
tor were,  and  would  coc- 
tiiiuelobe,per/ec(/yp/ane 
through  the  whole  opera- 
tion, the  method  could 
not  fail  to  give  extremely 
accurate  resulta;  but  the 
measurementa  and  discus- 
sion of  the  observations 
seem  to  show  that  this 
mirror  was  actually  dis- 
torted to  a  considerable 
extent  by  the  rays  of  the 
sun.  On  the  whole  the 
American  plates  do  not 
appear  to  be  much  more 
trustworthy  than  those 
^     „.     „^  >.,„_,.,.  obtained  by  other  meth- 

Fio.  IH Fhotogiapb  of  Traiult  of  Veniu.  ■'      , 

ods.  Fig.  194  IS  a  re- 
duced copy  of  one  of  the  photographs  made  at  Princeton  during  the  transit 
of  1882.  The  blach  disc  near  the  middle,  with  a  bright  spot  in  the  centre, 
is  tlie  image  of  a  metal  disc  cemented  to  the  reticle  to  mark  the  centre  lines 
of  the  reticle  plate ;  1E)2  plates  were  taken  during  the  transit,  and  at  some  of 
the  stations  where  the  weather  was  good  the  number  was  much  greater  — 
nearly  300  in  some  cases. 

The  difficulties  to  be  encountered  are  numerous.  Photographic  irradiation, 
or  the  spread  of  the  image  on  the  plate,  slight  distortion  of  the  image  by  the 
lenses  or  mirrors  employed,  irregiilaritiea  of  atmospheric  refraction,  uncer- 
tainty as  to  the  precise  scale  of  the  picture,  —  all  these  present  themselves 
in  a  very  formidable  manner.  It  is  obvious  why  this  should  be  so,  when  wa 
recall  that  on  a  four-inch  picture  of  the  sun's  disc,  yg  Vii  of  an  inch  corre- 
sponds to  about  ^  of  a  second  of  arc,  and  the  whole  uncertainty  as  to  the 
solar  parallax  does  not  amount  to  as  much  as  that.  An  image  of  the  sun, 
therefore,  in  which  the  position  of  Venus  upon  the  sun's  disc  cannot  be 
determined  accurately  without  an  error  exceeding  t^Vhii  °i  ""  inch,  is  of 
very  little  value.  Imperfections  that  would  be  of  no  account  whatever  in 
plates  taken  for  any  other  purpose  make  them  practically  worthless  for  this. 

The  mean  result  of  the  photographic  measures,  using  the  weights 
assigned  by  Newcomb,  gives  a  parallax  of  8".834, 

Newcomb  in  his  "  Astronomical  Constants  "  combines  the  heliom- 
eter  measures  with  the  photograpbie,  and  as  a  result  of  all  the 
measures  of  the  position  of  Venus  upon  the  sun's  disc  during  the  transit 
gives  8".fi57  ±  0".023 ;  calling  attention  to  the  fact  that  measures 
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of  this  kiDd  seem  to  be  affected  by  some  const&Dt,  sjstematio 

On  the  whole,  the  outcome  of  the  two  transits  of  1874  and  1882 
has  been  to  satisfy  astronomers  generally  that  other  methods  of 
detenuiQing  the  sun's  parallax  are  more  to  be  ti-usted. 

QKAVITATIONAL    METHODS. 

These  are  too  recondite  to  permit  any  full  explanation  here.  We 
can  only  indicate  briefly  the  principles  involved. 

6S7.  (1)  The  first  of  these  methods  is  by  the  moon'g  parcdlactSe 
inequality,  an  irregularity  in  the  moon's  motion  which  has  received 
this  name,'  because  by  means  of  it  the  sun's  parallax  can  be  deter- 
mined. It  depends  upon  the  fact  that  the  sun's  disturbing  action 
upon  the  moon  differs  seuaibly  from  what  it  would  be  if  its  distance, 
instead  of  being  less  than  400  times  that  of  the  moon  from  the  earth, 
were  infinitely  great. 

The  disturbing  action  upon  Hie  haif  of  the  moon's  orbit  which  lies 
nearest  the  sun  is  greater  than  on  the  opposite  haif  of  the  orbit.  The 
retarding  action  of  the  tangential  force,  therefore,  daring  the  first 
quarter  after  new  moon,  is  perceptibly  greater  than  the  acceleration 
produced  during  the  second  quarter  (Art.  447),  so  that  at  the  first  and 
third  quarters  respectively,  the  moon  is  a  little  more  than  2'  behind 
and  ahead  of  the  place  she  would  occupy  if  the  tangential  forces  were 
equal  in  all  four  quadrants  of  the  orbit  —  as  they  would  be  if  the  sun's 
distance  were  infinite.  This  puts  the  moon  about /our  tninutea  of  time 
behindhand  at  the  first  quarter,  and  as  much  ahead  at  the  third ;  and 
if  the  centre  of  the  moon  could  be  observed  within  a  fraction  of  a  second 
of  arc  (as  it  could  if  she  were  a  mere  point  of  light  like  a  star),  the 
observations  would  give  a  very  accurate  determination  of  the  sun's 
distance.  The  irregularities  of  the  moon's  limb,  however,  and  the 
worse  fact,  that  at  the  first  quarter  we  observe  the  western  limb, 
while  at  the  third  quarter  It  is  the  eastern  one  which  alone  is  ob- 
servable, make  the  result  somewhat  ancertain,  though  the  method 
certainly  ranks  high. 

668.  (2)  The  "^unor  equiUion  of  the  tun't  mofion"  is,  it  will  be  remem- 
bered, an  apparent  slight  monthly  displacement  of  the  sun,  amounting  to 
about  8".4,  and  due  to  the  fact  that  both  earth  and  moon  revolve  around  their 
n  centre  of  gravity.  It  is  generally  made  use  of  (Art.  243)  to  deter- 
Lss  of  the  moon  as  compared  with  that  of  the  earth,  using  sa  a 
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datum  the  aasnmed  known  distance  of  the  sun ;  but  if  we  consider  the  mass 
of  the  iDOon  as  known  (determined  b;  the  tides,  for  instance),  then  we  can 
find  the  sun's  parallax'  in  terms  of  the  lunar  equation. 

689.  (3)  The  third  method  (by  the  earth's  perturbations  of  Vtnua 
and  Mars)  is  one  of  the  moat  important  of  the  whole  list.  It  depends 
upon  the  principle  that  if  the  Ttiasa  of  the  earth,  as  compared  with 
that  of  the  sun,  be  accurately  known,  then  the  distance  of  the  suq 
can  be  found  at  once.  The  reader  will  remember  that  in  Art.  27S 
the  mass  of  the  Bun  was  found  by  comparing  the  distance  which  the 
earth  falls  towards  the  sun  in  a  second  (as  measured  by  the  curvature 
of  her  orbit)  with  the  force  of  gravity  at  the  earth's  surface ;  and 
in  the  calculation  the  sun's  distance  enters  as  a  necessary  datum. 
Now,  if  we  know  independently  the  sun's  mass  cmnpared  with  the 
earth's,  the  distance  becomes  the  only  unknown  quantity,  and  can 
be  found  from  the  other  data. 


In  the  same  waj  as  in  Art.  536  we  have 


in  which  S  and  E  are  the  masses  of  the  sun  and  earth,  G  is  the  "constant 
of  gravitation,"  D  is  the  mean  distance  of  the  earth  from  the  sun,  and  T  the 
number  of  seconds  in  a  year.  Also  we  have  for  the  force  of  gravity  at  the 
earth's  surface, 

in  which  r  is  the  earth's  radius. 
Dividing  the  preceding  equation  bj  this,  we  get 


SJ-E  _  4ir'/iy\ 


=  M,  thu  becomes 


w.. 


'  Futthig  L  for  the  maximum  value  of  the  lunar  equation  (about  6".4  of  arc), 
P  for  the  son's  parallax,  and  R  and  r  for  the  distance  of  the  moon  and  the  semi- 
diameter  of  the  earth  respectively,  we  have  the  equation 

*■= ■'(i)(-i^)=  """(si)*' = "■■■"■  "•""• 

bnt  the  nomben  med  an  onlf  apptoximiu. 
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In  this  equatioD  everything  in  the  second  terio  is  known  when  we  have 
once  found  M,  or  the  ratio  between  the  masseB  of  the  sun  and  earth ;  g  is 
found  b;  pendulum  observations  on  the  earth,  T  is  the  length  of  the  year 
in  seconds,  and  r  is  the  earth's  radiuG. 

Now,  the  disturbing  force  of  the  earth  upon  its  next  neighbors, 
Mara  and  Venus,  depends  directly  upon  its  mass  as  compared  with 
the  sun's  mass,  and  the  ratio  of  the  masses  can  be  determined  when 
the  perturbations  have  been  accurately  ascertained;  though  the  cal- 
culation is,  of  course,  anything  but  simple.  Hut  the  great  beauty  of 
the  method  lies  in  this,  tliat  as  time  goes  on,  and  the  effect  of  the 
eai'tli  upon  the  revolution  of  the  nodes  and  apsides  of  the  neighbor- 
ing orbits  accumulates,  the  delernihiatiim  of  the  earth^a  mass  in  term' 
of  the  wun'a  becomes  continually  and  cumulatively  more  jjreriae.  Even 
at  present  the  method  ranks  high  for  accuracy,  —  so  high  that  Lever- 
rier,  who  first  developed  it,  would  have  nothing  to  do  with  the  transit 
of  Venus  observations  in  1874,  declaring  that  all  such  old-fashioned 
ways  of  getting  at  the  sun's  parallax  were  relatively  of  no  value. 
The  method  is  probably  the  "method  of  the  future,"  and  in  time  will 
supersede  all  the  others,  —  unless  indeed  it  should  appear  that  bodies 
at  present  unknown  are  interfering  with  the  movements  of  our 
neighboring  planets,  or  unless  it  should  turn  out  that  the  law  of 
gravitation  is  not  quite  so  simple  as  it  is  now  supposed  to  be. 

From  this  method  Newoomb  deduces  a  parallax  of  8".T59  ±  0",010.  The 
smallneBS  of  the  value  thus  obtained  is  almost  as  perplexiug  at  present  as 
the  m^^itude  of  that  derived  from  the  measures  of  the  transits  of  Venus. 


THE   PHYSICAL   METHOD. 

690.  The  physical,  ot  " plwto-tachy-metrical"  method,  as  it  has 
been  dubbed,  depends  upon  the  fundamental  assumption  that  light 
travels  in  interplanetary  space  with  the  same  velocity  as  in  vacuo. 
This  is  certainly  very  nearly  true,  and  probably  exactly  so,  though 
■we  cannot  yet  prove  it. 

By  the  recent  experiments  of  Michelson  and  Newcomb  in  this 
country,  following  the  general  method  of  Foucault,  the  velocity  of 
light  has  been  ascertained  with  very  great  precision  and  may  be 
taken  as  299860  kilometres,  or  186330  miles,  with  a  probable  error 
which  cannot  well  be  as  great  as  twenty-five  mUes  either  way. 

601.  Son's  Siitance  from  the  Equation  of  Li^ht.  —  (1)  "  The 
tquaiion  of  light "  is  the  time  occupied  by  light  iu  travelling  between 
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ibe  sun  aad  eartb,  and  ia  determined  by  obeerration  of  the  eclipses 
of  Jupiter's  satellites  (Art.  629).  B;  aimpl;  multiplying  the  Teloc- 
ity of  tight  by  this  time  (499*^2*)  we  have  at  once  the  sun's  dis- 
tance ;  and  that  ladependeat  of  all  knowledge  aa  to  the  earth's  dimen- 
sions. The  reader  will  remember,  however,  that  the  determination 
of  this  "light-equation"  Is  not  yet  so  aatisfactory  as  desirable  on 
•ooount  of  the  indefinite  nature  of  the  eclipse  obeervations  involved. 

092.  From  the  Oonitant  of  Aberration.' — (2)  When  we  know  the 
velocity  of  light  we  can  also  derive  the  bud's  distance  from  tlie 
"amatant  of  aberration  "  and  this  constant,  20" A7,  derived  from 
star  observations  (Art.  225),  b  kuown  with  a  coosiderably  higher 
percentage  of  accuracy  than  the  light-equatloD. 

Calling  liie  constant  a,  we  have 

where  tT'is  tlie  velocity  of  the  earth  in  its  orbit,  and  Fthe  velocity 
of  light.  Now  1/  equals  the  circumference  of  the  earth's  orbit 
divided  1^  the  lei^h  of  tite  year;  i.e., 

T 


2„D 

-  YT' 


?(FT). 


On  the  whole  it  seems  likely  at  present  that  the  value  of  the  sun's 
distance  thus  derived  ia  the  most  accurate  of  all.  Using  a  =  20".47 
and  V=  186330  miles,  we  have  D  =  92  876000  miles,  and  taking  the 
earth's  equatorial  radius  as  3963.296  miles  (Clarke,  1878),  we  get 
8".803  as  the  sun's  equatorial  horizontal  parallax.  But  it  is  to  be 
noted  that  the  parallax  appears  only  as  a  secondary  result.  The 
method  gives  directly  the  distance  of  the  sun,  without  demanding 
any  knowledge  of  the  earth's  dimensions.  The  v^ociti/  of  light  fur- 
nishes the  scale  of  miles. 

683.  The  reader  will  notice  that  the  geometrical  methods  give  the 
parallax  of  the  sun  directly,  apart  from  all  hypothesis  or  assumption, 
except  as  to  the  accuracy  of  the  observations  themselves,  and  of 
their  necessary  corrections  for  refraction,  etc. :  the  gravitational 
methods,  on  the  other  haDd,  assume  the  exactness  of  the   law  of 

*  See  note  on  page  127. 
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gravitation ;  and  the  physical  method  aasunies  that  light  travels  in 
Bpace  with  the  same  velocity  as  in  our  terrestrial  experiments  after 
allowing  for  the  known  retardation  due  to  the  refracting  power  of 
the  air.  The  near  accordance  of  the  results  obtained  by  the  different 
methods  shows  that  these  assumptions  must  be  very  nearly  correct, 
if  not  absolutely  so. 

NOTB  TO  Article  070*. 
Daring  the  winter  of  1901-2  the  planet  Eros  came  qnlte  near  the  esrtb,  and 

Kn  extensive  series  of  observtttions,  both  micrometrlc  and  phoiograpliic.  wns 
made  upon  it  U  numerous  coiipenting  obeervatories  for  the  purpose  of  del^r- 
mining  the  solar  parallax. 

It  will  be  some  time  (perhaps  several  yean]  before  the  immense  qiiies  of  data 
can  be  thoroughly  dlacassed  and  the  final  result  determined ;  but  already  partial 
reductions  of  tlie  observations  made  at  a  few  of  the  stations  show  tliat  tlie  cor- 
rection to  the  assumed  parallai  (8". BO)  will  be  extremely  small ;  nor  is  it  eves 
certain  whether  tbe  correction  will  he  in  the  direction  of  increase  or  decrease. 

Note. 

Newcomb,  in  hie  "  Astronomical  Constants  "  (1896),  adopts  S".797 

±  0".007  as  tbe  value  of  the  solar  parallas  to  be  used  in  the  plauo- 

tary  tables. 

He  also  gives  the  following  as  tbe  results  derived  by  the  various  methods 

afier  making  aUaiuance  for  priMble  tynltmalie  errorii.Mid  assigus  to  each  result 

the  weight  indicated  by  the  number  that  follows  it. 

Motion  ofiht  Node  of  Venut 8".7a8,  10 

GUl'i  Obiervalima  of  Man  (1877) 8  .780,     1 

PfilkoiBa  Coratant  of  Aberration  (20".482)  .  ...  8  .793.  40 
Contact  Obteroationa  of  Trarmt  of  Vtnu»  ....  8  .7S4,  3 
Heliomeler  Obiervaliona  of  Victoria  and  Sappho    .     .     8  .7fi&,     5 

Parallactic  I nequalilg  nf  the  Moon 8.704,10 

Miicfllanfous  Delfrminalions  of  Aberration  12»"A&Z)     8  .806,  10 

Lunar  Ineqaalily  of  Ihe  EariA 8  .818,     1 

Measures  of  Veniu  in  Transit  ........     8  .857,     1 

While  many  would  question  the  overwhelming  weight  assigned  to  tbe 
Pulkowa  aberration,  it  makes  very  little  difference  in  tlie  result. 

Harkness,  in  his  "Solar  Parallax  and  its  Belated  Constants" 
(18dl),  obtained  as  his  final  value  8".809  ±  0".006. 
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ON  Chapter  XVII. 

"*  1.  Which  of  the  methods  of  determining  the  distance  of  the  ron  does 
not  pKsuppoee  a  knowledge  of  the  dimensions  of  the  earth? 

2.  Why  nmnot  the  transits  of  Mercury  be  utilized  for  determining  the 
BOlar  parallax  as  well  as  the  tramiits  of  Venua  ? 

3.  Can  observations  of  Jupiter  or  any  of  the  remoter  planeta  be  ugefuUy 
employed  in  determiDiug  the  sun's  distance? 

4.  How  much  error  in  the  distance  of  the  sun  follows  from  an  error  of 
0".01  in  the  value  of  the  parallax? 

5.  How  much  error  in  the  distance  of  the  sun  follows  from  an  error  of 
one  pur  cent  in  the  value  of  tlie  ratio  l>etweeii  the  masses  of  the  earth  and 
sun  as  determined  fiom  planetary  perturbations? 

.6.  Could  the  parallas  of  the  sun  be  determined  within  ten  per  cent 
without  the  use  of  the  telescope? 

Note  to  Abts,   174  xvn  892. 

The  spectrogiaphic  measurements  of  the  radial  velocity  of  stars  with  respect 
to  the  earth  (Art.  802 •)  also  furnish  an  independent  determination  of  her  orbi- 
tal velocity  in  terms  of  the  velocity  of  tipht,  and  so  of  our  distance  from  the  sun. 

In  the  spectra  of  all  stars  near  tlie  ecliptic,  the  dark  lines  are  found  to  shift 
regularly  baelcward  and  forward  during  the  year  by  nn  amount  which  Indicates 
a  range  of  about  37  miles  n  second  in  their  radial  velocity  relative  to  tbe  earth, 
or  an  orbital  velocity  of  the  earth  eqilai  to  about  18.5  miles  a  second. 

Tbe  first  application  of  this  method  has  tieen  made  by  Ktlstner  in  1905.  From 
a  series  of  spectroscopic  determinations  of  tbe  clianges  in  the  radial  velocity  of 
Arctnrus  in  1904-l>  he  deduces  a  solar  parallax  of  8". 34.  As  yet,  however, 
the  method  cannot  compete  in  precision  with  the  determination  by  means  of 
aberration  i  tbe  result  la  rather  to  be  regarded  as  a  confirmation  of  Doppter's 
principle. 
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CHAPTER   XVIII. 

COSIBTS:  THEIR  NUMBER,  MOTIONS,  AND  ORBITS THEIR  CON- 
STITUENT PARTS  AND  APPEARANCE.  —  THEIR  8PBCTBA,  — 
IHEJK   PHYSICAL  CONSTITUTION,    AND   ORIQIN. 

694.  From  time  to  time  bodies  of  a  very  different  character  from 
the  planets  make  their  appearance  in  the  heavens,  remain  visible 
for  some  weeks  or  months,  move  over  a  longer  or  shorter  path  among 
the  stars,  and  then  vanish.  These  ai'e  the  Comets,  or  "  hairi/ start," 
as  the  word  means,  since  the  appearance  of  such  as  are  bright 
enough  to  be  visible  to  the  naked  eye  is  that  of  a  star  surrounded 
by  a  hazy  cloud,  and  usually  carrying  with  it  a  streaming  trail  of 
light.  Some  of  them  have  been  magnificent  objects, — the  nucleus, 
or  central  star,  as  brilliant  as  Venua  and  visible  even  by  day,  while 
the  cloudy  head  was  nearly  as  large  as  the  sun  itself,  and  the  tail 
extended  from  the  horizon  to  the  zenith,  —  a  train  of  shining  sub- 
stance long  enough  to  reach  from  the  earth  to  the  sun.  The  major- 
ity of  comets,  however,  are  faint,  and  visible  only  with  a  telescope. 

696.  SnpentitioiU.  —  In  ancient  times  these  bodies  were  regarded 
with  great  alarm  and  aversioD,  being  considered  from  the  astro](^cal  point 
of  view  as  always  omiDOUs  of  evil.  Their  appearance  was  supposed  to 
presage  war,  or  pestilence,  or  the  death  of  princes.  These  notions  have 
survived  until  very  recent  times  with  more  or  \esa  vigor,  but,  it  is  liardl; 
necessary  to  say,  without  the  least  reason.  The  most  careful  research  fails 
to  show  any  effect  upon  the  earth  produced  by  a  comet,  even  of  the  lai^est 
size.  There  is  no  observable  change  of  temperature  or  of  any  meteoro- 
logical condition,  nor  any  effect  upon  vegetable  or  animal  life. 

696.  Namber  of  Comets.  —  Thus  far  we  have  on  our  lists 
nearly  700,  including  the  different  returns  of  the  periodic  comets. 
About  400  were  recorded  previous  to  1600,  before  the  invention  of 
the  telescope,  and  must,  of  course,  have  been  fairly  conspicuous. 
Since  that  time  the  number  annually  observed  has  increased  very 
greatly,  for  only  a  few  of  these  bodies,  perhaps  one  in  five,  are 
visible  without  telescopic  aid.  Their  total  number  must  l>e  enor- 
mous.    Not  unfrequently  from  five  to  eight  are  discovered  in  a 
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single  year,  and  there  is  seldom  a  day  when  one  or  more  Is  not  In 
sight. 

While  telescopic  comets,  however,  are  thos  namerons,  brilliant 
ones  are  comparatively  rare.  Between  IdOO  and  1800  there  were, 
according  to  Newcomb,  79  visible  to  the  naked  eye,  or  about  one 
in  three  and  three-fourths  years.  Humboldt  enumerates  43  iritliin 
the  same  period  as  conspicuous;  during  the  first  half  of  tbe  present 
centuiy  there  were  9  each,  and  since  1850  there  have  been  14.  Since, 
and  iDcluding,  1880  we  have  had  9,  —  a  remarkable  nnmiier  for  so 
short  a  time,  —  and  two  of  tbem,  the  priocipal  comet  of  1881  and 
the  great  comet  of  1882,  were  unusually  flue  ones.  In  August,  1661, 
for  a  little  time  two  comets  were  conspicuously  visible  to  the  naked 
eye  at  once  and  near  together  in  the  sky,  a  thing  almost  If  not  quite 
unprecedented. 

697.  DesignstiDn  of  Comets. — The  more  remarkable  ones  gen- 
erally bear  the  name  of  their  discoverer,  or  of  some  astronomer  who 
made  impoi-tant  iuvestigations  relating  to  them,  —  as  for  instance, 
Ilalley's,  Encke's,  and  Donati's  comets.  They  are  also  designated 
by  the  year  of  discovei^,  with  a  Roman  number  indicating  the  order 
of  perihelion  passage.  A  third  method  of  designatiOD  is  by  year  and 
tetter,  the  letters  denoting  the  order  in  whieh  the  comets  of  a  given 
year  were  discovered.  Thus  Dooati's  comet  was  both  comet  /  and 
comet  VI,  1858.  Comet  I  is,  however,  not  necessarily  comet  a, 
though  it  usually  is  so.  In  some  cases  the  comet  bears  the  name 
of  two  discoverers.  Thus  the  Pons-Brooks  comet  of  1883  is  a 
comet  which  was  discovered  by  Pons  in  1812,  and  at  its  return  in 
1883  was  discovered  by  Brooks. 

698.  Tlie  DiiooTery  of  Comet*.  —  As  a  mle  these  bodies  are  first  seen 
by  comefc-huntera,  who  make  a  business  of  searching  for  them.  For  such 
purposes  they  are  usuaJly  provided  with  a  telescope  known  aa  a  "comet- 
seeker,"  with  an  eye-piece  of  low  power,  and  a  large  field  of  view.  When  first 
seen,  a  comet  is  UEually  a  mere  roundish  patch  of  faintly  luminous  cloud, 
which,  if  really  a  comet,  will  reveal  its  true  character  within  an  hour  or  two 
by  its  motion.  Some  observers  Lave  found  a  great  number  of  these  bodies. 
Messier  discovered  13  between  1700  and  1798,  aud  Pons  27  between  1800 
and  1827.  In  the  U.  S.,  Brooks,  Barnard,  and  Swift  have  been  especially 
successful. 

699.  Dnration  of  Viaibility,  and  BrightnesR.  —  The  time  during 
which  they  are  visible  differs  very  much.     The  great  comet  of  1811 
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Tas  obserred  for  Beveiiteen  montbs.  Comet  1889  I  was  followed  at 
the  Lick  Observatory  for  more  than  two  years ;  and  probably  with 
our  present  instruments  it  will  be  possible  to  prolong  observations 
far  beyond  limits  formerly  possible.  When  a  comet  is  not  discoTored 
until  it  is  receding  from  the  sun  it  is  sometimes  observable  only  for 
a  few  weelcs  or  days. 

As  to  their  brightness  they  also  differ  widely.  The  great  majority 
can  be  seen  only  with  a  telescope,  although  a  considerable  number 
reach  the  limit  of  naked-eye  vision  at  that  part  of  their  orbit  where 
they  are  moat  favorably  situated.  A  few,  aa  haa  been  said  above, 
become  eorupiououa ;  and  a  very  few,  perhaps  four  or  five  in  a  century, 
are  so  brilliant  that  they  can  be  seen  by  the  naked  eye  in  full  sun- 
light, as  was  the  case  with  the  great  comets  of  1843  and  1882. 

700.  Their  Orbits.  —  The  ideas  of  th«  ancients  as  to  the  motioni  of 
tliese  bodies  were  very  vague.  Aristotle  and  his  school  believed  them  to  be 
nothing  but  earthly  exhalations  inflamed  iu  the  upper  regions  of  the  air, 
and  therefore  meteorological  phenomena  rather  than  astrooonucal.     Ptolen^ 

accordingly  omits  all  notice  of  them  in  the  Almageet. 

Tycho  Brahe  was  the  first  to  show  that  they  are  more  distant  than  the 
moon  by  comparing  observations  of  the  comet  of  1577  made  in  diRerent 
parts  of  Europe.  Its  position  among  the  stars  at  any  moment,  aa  seen  from 
his  observatory  at  Uranienburg,  was  sensibly  the  same  as  that  observed  at 
Prague,  more  than  400  miles  to  the  south.  It  foUowed  that  its  distanoe 
must  be  much  greater  than  that  of  the  moon,  and  that  its  real  orbit  must  be 
of  enormous  size,  cutting  through  interplanetary  apace  in  a  manner  abso- 
lutely incompatible  with  the  old  doctrine  of  the  crystalline  spheres.  Hs 
supposed  the  path  to  be  circular,  however,  as  befitted  the  motion  of  a 
celestial  body. 

Kepler  supposed  that  comets  moved  In  striught  lines;  and  he  seems  to 
have  been  half  disposed  t«  consider  ttiem  as  living  creatures,  travelling 
through  space  with  will  and  purpose,  "hke  fishes  in  the  sea." 

Hevelius  first,  nearly  a  hundred  years  later,  suggested  that  tho  orbits  tra 
probably  paraboltu,  and  bis  pupil  Doerfel  proiied  this  to  be  the  case  in  16S1 
for  the  comet  of  thai  year.  Tlie  theory  of  gravitation  had  now  appeared, 
and  Newton  soon  worked  out  and  published  a  method  by  which  the  ele- 
ments of  a  comet's  orbit  can  be  determined  from  the  observations.  Imme- 
diately afterwards  Halley,  using  this  method  and  computing  the  parabolic 
orbits  of  all  the  comets  for  which  he  could  find  the  needed  obaervations, 
aacert^ned  that  a  series  of  brilliant  comets  having  nearly  the  same  orbit 
had  appeared  at  intervals  of  about  seventy-five  years.  He  concluded  that 
these  were  different  appearances  of  one  and  the  same  comet,  the  orbit  not 
being  really  parabolic  but  elliptical,  and  he  predicted  its  return,  which 
actually  occurred  in  17S9 — the  first  of  "periodic  comets.' 
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701.  Befarmuiatloa  of  a  Comefa  OrUt.  —  StricU;  Bpeakicg,  tbe 
orbit  of  &  comet  beiDg  olwaje  a  conio  sectioD,  like  that  of  a  planet, 
leqnirea  only  three  perfect  obeerrations  for  its  determinatioii ;  but  It 
seldom  happens  tliat  the  obHervations  *  can  be  made  eo  accurately 
as  to  enable  ns  to  distingnlsh  an  orbit  truly  parsboUo  from  one 
slightly  hyperbolic,  or  from  an  ellipse  of  long  period.  The  plant 
of  the  orbit  and  its  pmhelion  dfafanoe,  can  be  made  out  with  reas<Hh 


Tie.  m. 

Tba  CloH  Coliuddaue  of  DMenat  Bpedei  of  0omstU7  OrblU  witUn  ttat  Bwtb'a  OrUL 

able  accuracy  from  ench  obaerrations  as  are  practically  obtainaUe, 
but  the  eccentricUy,  and  the  major  asda  with  its  corresponding  jwriod, 
caa  eeldom  be  determined  with  much  precision  from  the  data  obtuned 
at  a  single  appearance  of  a  comet  nnless  its  orbit  is  smalL 
The  reason  is  tliat  a  comet  is  visible  only  in  that  very  small 

>  ObserTAtions  for  the  determination  of  ■  comet't  place  are  ntnally  made  with 
an  eqaatorial,  bj  measuring  the  apparent  distance  between  the  comet  and  lome 
neiKhboriug  " comparison  star"  with  some  form  of  micrometer,  as  indicated  In 
Art.  129.  If  tbe  itar't  place  b  not  already  accnrately  known.  It  Is  afterwards 
•peciall;  obMrred  with  the  meridian  circle  of  lOme  itAndard  obaerrstoiy;  this 
obaerration  of  comparigon  «tan  forms  quite  an  Item  In  tbe  regular  work  of  such 
an  {nstltntlon. 
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portion  of  its  orbit  vhich  lies  near  the  earth  and  bud,  and,  as  the 
figare  ebowB  (Fig.  195),  in  tliis  portion  of  the  orbit,  the  longellipee, 
the  parabola,  tind  the  hyperbola  ahnost  coincide.  Moreover,  from  the 
diffuse  nature  of  a  comet  it  Is  not  possible  to  oboerre  it  with  the 
same  accuracy  as  a  planet. 

Comets  which  reall;  move  in  parabolas  or  hyperbolas  visit  the  sun 
but  once,  and  then  recede,  never  to  return ;  while  those  that  move  in 
ellipses  return  in  regular  periods,  unless  disturbed. 

It  will  be  understood,  that  in  a  catalogue  of  comets'  orbits,  those 
which  are  indicated  as  parabolic  are  not  atrU^y  so.  All  that  can  be 
said  is  that  during  t&e  time  while  the  comet  was  visible,  its  position 
did  not  deviate  from  the  paralwla  given  &jf  an  amount  aenaibU  to 
observation.  The  chances  are  infinity  to  one  agunat  a  comet's 
moving  exactly  in  a  parabola,  since  the  least  retardation  of  its 
velocity  would  render  the  orbit  elliptical,  and  the  least  acceleration, 
hyperbolic,  according  to  the  principles  explained  In  Article  4S0. 

702.  BelstiTe  Namben  of  Parabolic,  Elliptical,  and  HyperboUe 
Oomsta.  —  The  orbits  of  over  400  comets  have  been  thus  far  com- 
puted. Of  this  number  over  300  are  sensibly  parabolic,  and  about 
a  dozen  have  bad  orbits  which  were  hyperbolic  according  to  some 
computation  or  other ;  in  no  single  case,  however,  is  the  hyperbolic 
character  certain,  though  in  two  it  is  very  prol)able.  There  are  also 
a  number  of  comets  which,  according  to  the  best  computations, 
appear  to  have  orbits  really  elliptical,  but  with  periods  so  long  that 
their  elliptical  character  cannot  be  positively  asserted.  About 
ninety  have  orbits  which  are  certainly  and  distinctly  oval;  and 
sixty-five  of  these  have  periods  which  are  less  than  one  hundred 
years.  Eighteen  of  these  periodic  comets  have  already  been  actually 
observed  at  more  than  one  return  (May,  1908). 

Ab  to  the  rest  o£  the  sixty-jive,  some  of  them  are  eipected  to  return  again 
within  a  few  jeare,  and  iome  of  them  have  been  lost,  —  either  in  the  same 
way  BH  the  comet  of  Biela,  of  which  we  shall  soon  speak,  or  by  having  their 
orbits  BO  changed  by  perturbations  that  the;  no  longer  come  near  enough 
to  the  earth  to  be  observed.     See  Appendix,  Table  III. 

There  are  three  comets  with  computed  periods  ranpng  between  seveutj 
and  eighty  years,  whose  returns  are  looked  for  within  the  next  forty  yean. 
There  ia  also  one  comet  with  a  period  of  thirty.three  years  which  was  doe 
to  return  in  1899,  but  failed  to  appear.  It  is  known  as  Tempel'a  comet, 
an  inconapicQous  body,  but  of  great  interest  from  its  connection  with  th« 
■■  Leonid  MeteorSwarm." 
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.  708.  Fig.  196  sbovs  the  orbita  of  Beveral  of  the  cometa  of  abort 
period)  —  from  three  to  eight  ;ears.  (It  would  cause  confusion  to 
insert  all  of  them.)  It  will  be  seen  that  in  ever;  case  the  comet's 
orbit  comes  very  near  to  tbe  orbit  of  Jupiter,  and  when  the  orbit 
crosses  that  of  Jupiter,  one 
of  the  nodes  is  always  near 
tbe  place  of  apparent  in- 
tersection (tbe  node  being 
marked  on  the  comef  s  orbit 
by  a  short  croas-Iine).  If 
Japtter  were  at  that  point 
of  its  orbit  at  the  time  when 
the  comet  was  passing,  the 
two  bodies  would  really  be 
Tory  near  to  each  other. 
The  fact,  as  we  shall  i 
1b  a  very  significant  one,  ^ 
potnting  to  a  connection  be- 
tween these  bodies  and  the 
planet.  It  is  true  for  alt 
the  comets,  whose  periods 
are  less  than  eight  years  — 
for   those  not    inserted  in 

tbe  diagram  as  well  as  those  that  are.  The  orbits  of  the  seventy-five- 
year  comets  are  similarly  related  to  tbe  orbit  of  Neptune,  and  the 
tbirty-three>year  comet  passes  very  close  to  the  orbit  of  Uranus. 


—  OrbiU  of  Bhort-perlod  Comati. 


7M.  BMt^^tion  of  EUiptio  Craiets.  — Modem  observations  are 
BO  much  more  accurate  than  those  made  two  centuries  ago  that  it  is 
now  sometimes  possible  to  determine  the  eccentricity  and  period  of 
an  elliptic  comet  by  means  of  the  observations  made  at  a  single 
appearance.  Still,  as  a  general  rule,  it  is  not  safe  to  pronounce  upon 
tbe  ellipticity  of  a  comef  s  orbit  until  it  has  been  observed  at  least 
twice,  nor  always  then,  A  comet  possesses  no  "personal  identity," 
BO  to  speak,  by  which  it  can  be  reci^nized  merely  by  looking  at  it, — 
no  personal  peculiarities  like  those  of  the  planets  Jupiter  and  Saturn. 
It  is  Identiflabje  only  by  its  path. 

When  the  approximate  parabolic  elementa  of  a  new  comet's  orbit  hav« 
been  compnted,  we  esamine  the  catalogae  of  preceding  comets  to  see  if  we 
osn  find  others  which  resembia  it ;  that  is,  which  hare  nearly  the  suub  inctt 
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nation  and  longitvdt  of  the  node  with  the  same  perihelion  distance  and  pen 
hetion  longitude.  If  so,  it  is  probable  that  we  have  to  do  with  the  same  comet 
in  bo^i  cases.  But  it  is  not  certain,  and  investigations,  often  very  long  and 
intrioate,  must  be  made  to  see  whether  an  elliptical  orbit  of  the  neceaeaiy 
period  can  be  reconciled  with  the  obserTationg,  after  taking  into  account 
the  perturbations  produced  bj  planetary  action.  Theae  perturbations  ate 
eitremely  troubleBome  to  compute,  and  are  often  very  great,  since  the  comets 
not  uufrequentlj  pass  near  to  the  larger  planets.  In  some  such  cases  the 
orbit  is  completely  altered.  _ETen  if  the  result  of  this  investigation  agi»us_ 
to  show  that  the  comets  are  probably  Identical,  we  are  not  yet  abaotutelT 
sue  in  the  conclusion,  for  we  have  what  are  known  as — 

705.  Cometary  Groupfl.  —  These  are  groupa  of  comets  tehkh 
pursue  nearly  the  same  orbits,  following  along  one  after  another  at  a 
greater  or  smaller  interval,  as  if  they  had  once  been  united,  or  had  eome 
from  some  common  source.  The  existence  of  such  groups  was  first 
pointed  out  by  Hoek  of  Utrecht  in  1865.  The  moat  remarkaUe 
group  of  this  sort  is  the  one  composed  of  the  great  comets  of  1668, 
1843,  1880,  and  1882,  and  there  is  some  reason  to  suspect  that  the 
little  comet  visible  on  the  picture  of  the  corona  of  the  Egyptian 
eclipse  (Art.  328)  also  belongs  to  it.  The  bodies  of  this  group  have 
orbits  very  peculiar  in  their  extremely  small  perihelion  distance 
(they  actually  go  within  half  a  million  miles  of  the  sun's  surface), 
and  yet,  although  their  elements  are  almost  identical,  they  cannot 
possibly  all  be  different  appearances  of  one  and  the  same  comet 

So  fat  as  regard!)  the  comets  of  1608  and  1843,  considered  alone,Jbeie. . 
is  nothing  absolutely  forbidding  the  idea  of  their  identity :  pertnrbatioDS 
might  account  for  the  differences  between  their  two  orbits.  But  the  comets 
of  1880  and  1882  cannot  possibly  be  one  and  the  same;  they  were  both 
observed  for  a  considerable  time  and  accurately,  and  the  observations  of 
both  are  absolutely  inconsistent  with  a  period  of  two  years  or  anything  like 
it.  In  fact,  for  the  comet  of  1882  all  of  the  different  computers  found 
periods  ranging  between  600  and  000  years. 

There  are  about  half  a  dozen  other  such  comet-groups  now  known. 

706.  Perihelion  Distancei.  —  These  vary  greatly.  Twelve  comets 
have  a  perihelion  distance  less  than  five  millions  of  miles ' ;  about 
seventy-four  per  cent  of  all  that  have  been  observed  lie  within  the 
earth's  orbit;  about  twenty-four  per  cent  lie  outsit^,  but  within 
twice  the  earth's  distance  from  the  sun ;  and  eleven  comets  have 
been  observed  with  a  perihelion  distance  exceeding  that  limit 

>  Accoidiug  to  Galle'a  tables.    Other  authorities  give  slightly  dUterent  numben. 
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A  single  one,  the  comet  of  1729,  had  a  perihelion  distance  exceeding  four 
astronomical  unite,  —  as  great  as  the  mean  distance  of  the  remoter  asteroids. 
It  must  have  been  an  enormous  comet  to  be  visible  from  such  a  distancei 
One  computer  made  its  orbit  slightly  hyperbolic :  others  did  not. 

Obviously,  however,  tie  distribution  of  comete  as  determined  by  observiV' 
tion,  depends  not  merely  on  the  esistenca  of  the  comets  themselves,  but  upon 
their  visibility  from  the  earth.  Those  comets  which  approach  near  the  orbit 
of  the  earth  have  tha  best  chance  of  being  seen,  because  their  conspicuous' 
ne«s  increases  as  they  approach  us,  so  that  we  must  not  lay  too  much  stress 
on  the  apparent  crowding  of  the  perihelia  within  the  earth's  orbit. 

The  perihelia  are  uot  distributed  equally  in  all  directions  from  the 
gun,  but  more  than  sixty  per  cent  are  within  45°  of  what  is  called 
"  the  sun's  way  " ;  i.e.,  the  line  in  space  along  which  the  bud  is  travel- 
ling, carrying  with  it  its  attendant  systems. 

707.  Orbit  Planes.  —  The  indinaiions  of  the  comets'  orbits  range 
all  the  way  from  0°  to  90°.  The  ascending  nodes  are  distributed  all 
around  the  ecliptic,  with  a  decided  tendency,  however,  to  claster  in 
two  r^ons  having  a  longitude  of  about  80°  and  270°. 

708.  Direction  of  Motion.  —  With  the  two  exceptions  of  Bailey's 
comet,  and  the  comet  of  the  Leonid  meteors  (Art.  786) ,  the  elliptical 
comets  which  have  periods  less  than  one  hundred  years  all  move  in 
the  direction  of  the  planets.  Of  the  other  comete,  a  few  more 
move  retrograde  than  direct,  but  there  is  no  decided  preponderance 
either  way. 

709.  It  is  hardly  necessary  to  point  out  that  the  fact  that  tiie 
comets  move  for  the  most  part  in  parabolas,  and  that  the  planes  of 
their  orbits  have  no  evident  relation  to  the  plane  of  the  planetary 
motions,  tends  to  indicate  (though  it  falls  short  of  demonstrating) 
that  (Aey  do  not  in  any  proper  sense  belong  to  the  solar  system 
itself,  but  are  merely  viailors  from  interstellar  space.  •  They  come 

^  towards  the  sun  with  almost  precisely  the  velocity  they  would  have 
if  they  bad  simply  dropped  towards  it  from  an  infinite  distance,  and 
they  leave  it  with  a  velocity  which,  if  no  force  but  the  sun's  attiac- 
tioD..  operates  upon  them,  will  carry  them  back  to  an  unlimited 
distance,  or  until  they  encounter  the  attraction  of  some  other  sun. 
With  one  remarkable  exception,  their  motions  appear  to  be  just  what 
might  be  expected  of  ponderable  masses  moving  in  empty  space 
nnder  the  law  of  gravitation. 
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710.  Aooeleratioa  of  Enoke'i  Comet — The  one  exceptiou  referred 
to  is  in  the  case  of  Encke's  comet  which,  since  its  first  discovery  in 
the  last  century  (it  was  not,  however,  discovered  to  be  a  periodit 
comet  until  1819),  has  been  continually  quickening  its  speed  and 
shortening  its  period  at  the  rate  of  about  two  liours  and  a  half  in 
each  revolution ;  as  if  it  were  under  the  action  of  some  resistance 
to  its  motion.  No  perturbation  by  any  known  body  will  account  for 
such  an  acceleration,  and  thus  far  no  reasonable  explanation  has 
been  suggested  as  even  possible,  except  that  something  encountered 
in  its  motion  through  interplanetary  space  retards  the  comet  just 
as  air  retards  a  rifle-bullet.  At  first  sight  it  seems  almost  paradoiti- 
cal  that  a  resistance  should  accelerate  a  comet's  speed ;  but  referring 
to  Article  429  we  see  that  since  the  semi-major  axis  of  a  comet's 
orbit  is  given  by  the  equation 


'•=j(l7;=is)' 


any  diminution  of  V  will  also  diminish  a ;  and  it  can  be  shown  that 
this  reduction  in  the  size  of  the  orbit  will  be  followed  by  an  increase 
of  velocity  above  that  which  the  body  had  in  the  larger  orbit.  It 
gains  more  speed  by  thus  falling  into  a  smaller  orbit  nearer  to  the 
sun  than  it  loses  by  the  direct  effect  of  the  resistance. 

711.  Another  action  of  such  a  retarding  force  is  to  diminish  the  eccen- 
tricity of  the  body's  orbit,  malting  it  more  nearly  circular.  If  the  action  were 
to  go  on  without  intermission,  the  result  would  be  a  spiral  path  winding  in- 
ward towards  the  sun,  upon  which  the  comet  would  ultimately  fall.  For  many 
years  the  behafior  of  Encke's  comet  was  quoted  as  an  absolute  demonatra- 
tion  of  the  existence  of  the  "luminiferous  ether."  Since,  however,  no  other 
conieta  show  any  such  action  (unless  perhaps  Winnecke's'  comet  —  No.  5  in 
the  table  in  the  Appendix),  and  moreover,  since  according  to  the  investi- 
gations of  Von  Astt^n  and  Backluiid  the  acceleration  of  Encke's  comet  iUet/ 
seems  suddenly  to  haoe  diminished  by  nearly  one-half  in  1868,  there  remaine 
much  doubt  as  to  the  theory  of  a  resisting  medium.  It  looks  rather  more 
probable  that  this  acceleration  is  due  to  something  else  than  the  luminiferooE 
ether — peihapa  to  some  regularly  recurring  encounter  of  the  comet  with  ■ 
cloud  of  meteoric  matter-  The  fact  that  the  planets  show  no  such  effect  ia 
not  aurpriaing,  since,  as  we  shall  see,  they  are  enormously  more  dense  than 
any  comet,  so  that  the  resistance  that  would  bring  a  comet  to  rest  within  a 

'  OppolMT,  In  1880,  found  that  according  to  his  computations  Winnecke'a 
comet  was  accelerated  precisely  in  the  same  way  as  Kncke's,  but  byleas  than  half 
the  amount.  His  result,  however,  is  not  confirmed  by  the  later  work  of  H^rdll, 
who  finds  no  acceleration  at  all. 
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■ingle  year  would  not  sensibly  aCect  a  body  like  our  earth  in  centuries,  llie 
*'  resiating  medium,"  If  it  exists  at  all,  must  have  much  less  retarding  powM 
titan  the  residual  gaa  in  one  of  Crookes's  beet  vacanm  tabes. 

712.  Phyuoal  CharaoterietiaB  of  Comets.  —  The  orbite  of  these 
bodies  are  now  thoroughly  understood,  and  their  motions  are  calcu- 
lable with  as  much  accuracy  as  the  nature  of  the  observations  pennit ; 
bat  we  find  in  their  physical  constitution  some  of  the  most  perplex 
ing  and  baffling  problems  in  the  whole  range  of  astronomy,  —  appar- 
ent paradoxes  which  as  yet  have  received  no  satisfactory  explanation. 
While  comets  are  evidently  subject  to  gravitational  attraction,  as 
shown  by  their  orbits,  they  also  exhibit  evidence  of  being  acted  upon 
by  powerful  repulsive  forces  emanating  from  the  sun.  While  they 
shine,  in  part  at  least,  by  reflected  light,  they  are  also  certainly  ae^' 
luminous,  their  light  being  developed  in  a  way  not  yet  satisfactorily 
explained.  They  are  the  bulkiest  bodies  known,  in  some  cases 
thousands  of  times  larger  ttian  the  sun  or  stars;  but  they  are  "airy 
nothings,"  and  the  smallest  ast«roid  probably  rivals  the  largest  of 
them  in  actual  mass. 

713.  Constitae&t  Farts  of  a  Comet.  —  (a)  The  essential  part  of  a 
comet —  that  which  is  always  present  and  gives  it  its  name  —  is  the 
coma  or  nebulosity,  a  hazy  cloud  of  faintly  shining  matter,  which 
is  usually  nearly  spherical  or  oval  in  shape,  though  not  always  so. 

(6)  Next  we  have  the  nucleus,  which,  however,  la  not  found  in  all 
comets,  but  commonly  makes  its  appearance  as  the  comet  approaches 
the  sun,  ,  It  is  a  bright,  more  or  less  star-like  point  near  the  centre 
of  the  coma,  and  is  the  object  usually  pointed  on  In  determining  the 
comet's  place  by  observation.  In  some  cases  the  nucleus  is  double 
or  even  multiple ;  that  is,  instead  of  a  single  nucleus  there  may  be 
two  or  more  near  the  centre  of  a  comet.  Perhaps  three  comets  ont  of 
four  present  a  nucleus  during  some  portion  of  their  visibility. 

(c)  The  tail  or  train,  is  a  streamer  of  light  which  ordinarily  ac- 
companies a  bright  comet,  and  is  often  found  even  In  connection 
with  a  telescopic  comet.  As  the  comet  approaches  the  sun,  the  tail 
follows  it  much  as  the  smoke  and  steam  from  the  locomotive  trail  after 
it.  But  that  the  tail  does  not  really  consist  of  matter  simply  lejl 
behind  in  that  way,  is  obvious  from  the  fact  that  as  the  comet  recedes 
from  the  sun,  the  train  precedes  it  instead  of  following.  It  is  always 
directed  away  from  the  sun,  though  its  precise  position  and  form  is  to 
some  extent  determined  by  the  comet's  motion.  There  is  abundant 
evidence  that  it  is  a  material  substance  in  an  exceedingly  tenaous 
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condition,  which  in  some  way  is  diiven  off  from  the  comet  and  then 
repelled  by  some  solar  action.     (See  also  Art.  73G.) 

(d)  Envelope*  and  Jets. —  In  the  case  of  a  very  brilliant  comet,  its 
head  Is  often  veined  by  short  jets  of  light  which  appear  to  be  con- 


Fia.  197.— Naked-eyB  view  of  DonMi'B Comet, Oct.*,  ISM.    (BoihI.) 

tinually  emitted  by  the  nucleus ;  and  sometimes  instead  of  jets  the 
nucleus  throws  off  a  series  of  concentric  envelopes,  like  hollow  shells, 
one  within  the  other.  These  phenomena,  however,  are  not  usually 
observed  in  telescopic  comets  to  any  marked  extent. 
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714.  Dimensions  of  Comets.  —  The  volume  of  a  comet  is  often 
enotmous  —  sometimes  almost  beyond  conception,  if  the  tail  be  in- 
cluded in  the  estimate  of  bulk. 

As  a  general  rule  the  head  or  coma  of  a  telescopic  comet  is  from 
40000  to  100000  miles  in  diameter.  A.  comet  less  than  10000 
miles  in  diameter  is  very  unusual ;  in  fact,  such  a  comet  would  be 
almost  sure  to  escape  observation.  Many,  however,  are  much  larger 
than  100000  miles.  The  head  of  the  comet  of  1811  at  one  time 
measured  nearly  1200000  miles, — ^more  than  forty  per  cent  larger 
than  the  diameter  of  the  sun  itself.  The  comet  of  1680  had  a  head 
600000  miles  across.  The  head  of  Donati's  comet  of  1868  was 
250000  miles  in  diameter.  Holmes'  comet  of  1892,  remarkable  in 
many  ways  though  not  brilliant,  had  a  diameter  of  over  700000 
miles,  but  no  visible  nucleus  at  that  time.  A  few  weeks  later  it 
looked  like  a  mere  hazy  star. 

715.  Contraction  of  a  Comet's  Head  as  it  approaohes  the  8nn.  —  It 

is  a  very  singular  fact  that  the  head  of  a  comet  continually  changes 
its  diameter  as  it  approaches  to  and  recedes  from  the  sun;  and 
what  is  more  singular  yet,  it  usually  contracts  when  it  approaches 
the  sun,  instead  of  expanding,  as  one  would  naturally  expect  it  to 
do  under  the  action  of  the  solar  heat.  Ko  satisfactory  explanation  is 
known.  Perhaps  the  one  suggested-  by  Sir  John  Herschel  is  as 
plausible  as  any,  —  that  the  change  is  optical  rather  than  real ;  that 
near  the  sun  a  part  of  the  cometary  matter  becomes  invisible,  having 
been  evaporated,  perhaps,  by  the  solar  heat,  just  as  a  cloud  of  fog 
might  be. 

The  change  is  especially  conspicuous  in  Encke's  comet.  When  this  body 
flret  cornea  into  Bight,  at  a  distance  of  about  130000000  miles  from  the 
Bun,  it  has  a  diameter  of  nearly  300000  miles.  When  it  is  near  the  peri- 
belioD,  at  a  distance  from  the  sun  of  only  33000000  miles,  ita  diameter 
ahrinks  to  12000  or  14000  miles,  the  Tolunie  then  being  less  than  ^ninn  *'^ 
what  it  was  when  first  seen.  As  it  recedes  it  expands,  and  resumes  its 
original  dimensions.  Other  comets  show  a  simitar,  but  usually  less  strik- 
ing, change. 

716.  Dimeniiona  of  the  Huclens. — This  has  a  diameter  ranging  in 
different  comets  from  6000  or  8000  miles  in  diameter  (Comet  III, 
1846)  to  a  mere  point  not  exceeding  100  miles.  Like  the  head,  it 
also  undergoes  considerable  and  rapid  changes  in  diameter,  though  its 
changes  do  not  appear  to  depend  iu  any  regular  way  upon  the  comet's 
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distance  from  the  son,  bat  rather  npon  its  activity  at  the  time.    They 
are  usually  associated  with  the  deTelopment  of  Jets  and  envelopes. 

717.  Simenriom  of  a  Comet's  Tail.  —  The  tail  of  a  large  comet,  as 
r^arda  simple  magnitude,  is  by  far  its  most  imposing  feature.  The 
length  ia  seldom  less  than  10,000000  to  15,000000  miles ;  it  frequently 
reaches  from  30,000000  to  50,000000,  and  in  several  cases  has  been 
known  to  exceed  100,000000.  It  is  usoally  more  or  less  fan-shaped,  so 
that  at  the  outer  extremity  it  is  millioiis  of  miles  across,  being  shaped 
roughly  like  a  cone  projecUngbehindthe  comet  from  the  sun,  aud  more 
Of  less  bent  like  a  bom.  The  volume  of  such  a  train  as  that  of  the 
comet  of  1882, 100,000000  miles  in  length,  and  some  200,000  miles  in 
diameter  at  the  comef  s  head,  with  a  diameter  of  10,000000  at  its  ex- 
tremity, exceeds  the  bulk  of  the  sun  itself  by  more  than  8000  times. 

718.  The  Kan  of  Comets.  —  While  the  volume  of  comets  is 
enormous,  their  masses  appear  to  be  insignificant.  Our  knowledge 
in  this  respect  is,  however,  thus  far  entirely  negative;  that  is,  while  in 
many  cases  we  are  able  to  say  positively  that  the  mass  of  a  particular 
comet  cannot  have  exceeded  b.  limit  which  can  be  named,  we  have 
never  been  able  to  fix  a  lower  limit  which  we  know  it  must  have 
reached ;  it  has  in  no  case  been  possible  to  detect  any  action  what- 
ever  produced  hy  a  comet  on  the  earth  or  any  other  body  of  the  plane-- 
tary  system.,  from  which  we  can  deduce  the  comef s  mass;  and  this, 
although  they  have  frequently  come  bo  near  the  earth  and  other 
planets  thnt  their  own  orbits  have  been  entirely  transformed,  and  if 
their  masses  had  been  as  much  as  jtrr^innr  °'  ^^^  earth's,  they  would 
have  produced  very  appreciable  effects  upon  the  motion  of  the  planet 
which  disturbed  them. 

Leiell's  comet  of  1770,  Biela'a  comet  on  more  than  one  occasion,  and  sev- 
eral others,  have  come  so  near  the  earth  that  tlie  length  of  their  periods  of 
revolution  have  been  changed  by  the  earth's  atb^ction  to  tbe  ext«nt  of 
Mveral  weeks,  but  in  no  instance  has  the  length  of  the  year  been  altered 
by  a  single  second.  One  niiglit  be  tempted  to  think  that  comets  were  pos* 
sessed  of  matter  without  attracting  power;  but  attraction  is  always  mvltud, 
and  since  the  comets  move  according  to  the  law  of  gravitation,  and  them- 
selves suffer  perturbation  from  attraction,  there  ia  no  escape  from  the  con- 
clnsion  that,  enormoua  aa  they  are  in  volume,  they  contain  very  little  matter. 
Some  have  gone  so  far  as  to  say  that  a  comet  properly  packed  could  be  car- 
ried abont  in  a  hat-box  or  a  man's  pocket,  which,  of  course,  ia  an  extravagant 
assertion.  The  probability  is  that  the  total  amount  of  matter  in  a  comet  of 
any  size,  though  very  small  as  compared  with  its  bulk,  is  yet  to  be  estimated 
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at  many  millious  o£  tons.  The  etirth's  inflM  (Art.  132, 4)  ia  expressed  in  tona 
bj  6  with  twenty-one  ciphers  following  (6000  millions,  of  niillionB,  of  milliona 
of  tons).  A  body,  therefore,  weighing  only  otie-millionth  as  much  ob  the 
earth  would  contain  QOUO  millions  of  millions  of  tons,  which  is  very  nearly 
equal  to  the  masa  of  the  earth's  atmosphere. 

719.  The  late  Professor  Peirce  based  his  estimate  of  a  coindt's 
mass  upon  the  extent  of  the  nebulous  envelo])e  which  it  carries  with 
it,  assuming  that  this  envelope  is  gaseous,  and  is  held  iti  permanejU 
equilibrium,  by  the  attraction  of  solid  matter  in  and  near  tiie  nucleus ; 
and  on  this  very  doubtful  assumption  he  came  to  tlie  conclusion  that 
the  matter  in  and  near  the  nucleus  of  an  average  comet  must  be 
equivalent  in  mass  to  an  iron  hull  as  muck  as  100  miles  in  diameter. 
This  would  be  about  sbd'bijif  "^  *''^  earth's  mass.  While  this  esti- 
mate is  not  intrinsically  improbable,  it  cannot,  however,  be  relied 
upon.  We  simply  do  not  know  anything  about  a  comet's  mass,  ex- 
cept that  it  is  exceedingly  small  a.s  compared  with  that  of  the  earth. 

720.  Density.  —  This  must  necessarily  be  almost  inconceivably 
small.  If  a  comet  40000  mites  in  diameter  has  a  mass  equal  to  ^j^nji 
of  the  earth's  mass,  its  mean  density  is  a  little  less  than  5,^^  o^  *tat 
of  the  air  at  the  earth's  surface, —  much  lower  than  that  of  the  beet 
airpump  vacuum.  Xear  the  centre  of  the  comet  the  density  would 
probably  be  greater  than  the  mean ;  but  near  its  exterior  very  much 
less.  As  for  the  density  of  its  tail,  when  such  a  comet  has  one,  that, 
of  course,  must  be  far  lower  yet,  and  much  below  the  density  of  the 
residual  gas  left  in  the  best  vacuum  we  can  make  by  any  means 
known  to  science. 

This  estimate  of  the  density  of  a  comet  is  borne  out  by  the  fact 
that  small  stars  can  be  seen  through  the  head  of  a  comet  100000 
miles  in  diameter,  and  even  very  near  its  nucleus,  with  hardly  any 
perceptible  diminution  of  their  lustre.  In  such  cases  the  writer  has 
noticed  that  the  image  of  a  star  is  rendered  a  little  indistinct ;  and 
recent  observations  of  several  astronomers  have  shown  a  very  small 
apparent  displacement  of  the  star,  such  as  might  be  ascribed  to  a 
slight  refraction  produced  by  the  gaseous  matter  of  the  comet 

Students  often  find  difficulty  in  conceiving  how  bodies  of  so  inflnitesimal 
density  as  comete  can  move  in  orbits  like  solid  masses,  aiid  with  such 
enornions  velocities.  They  fot^et  that  in  a  vacuum  a  feather  falls  as  freely 
and  as  swiftly  as  a  stone.  Interplanetary  space  is  a  vacuum  far  more  per- 
fect than  any  airpump  could  produce,  and  in  it  the  rarest  and  most  tenuous 
bodies  move  as  freely  and  swiftly  as  the  densest. 
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721.  Tbe  reader,  however,  must  bear  in  mind  that,  altbongh  the 
mean  density  of  a  comet  (that  is,  the  quantity  of  matter  in  a  cubic 
mile)  is  email,  the  density  of  the  constUttetU  partidea  of  a  comet  need 
not  necessarily  be  so.  The  comet  may  be  composed  of  small,  heavy 
bodies,  widely  separated,  and  there  is  some  reason  for  thinking  that  ttua 
is  the  case ;  that,  in  fact,  tbe  head  of  a  comet  is  a  swarm  of  meteoric 
stones ;  though  whether  these  stones  are  many  feet  in  diameter,  or  only 
a  few  inches,  or  only  a  few  thousandths  of  an  inch,  like  particles  of 
dust,  no  one  can  say.  In  fact,  it  now  seems  quite  likely  that  the 
grentest  poition  of  a  comef s  mass  is  made  up  of  such  particles  of 
solid  matter,  carrying  with  them  a  certain  quantity  of  enveloping  gas. 

722.  Lig'ht  of  Comets.  —  There  has  been  much  discussion  whether 
these  bodies  shine  by  light  reflected  or  intrinsic.  The  fact  tiiat  tliey 
become  less  brilliant  as  they  recede  from  the  sun,  and  finally  dis- 
appear while  they  are  in  full  sight  simply  on  account  of  faintnees,' 
and  not  by  becoming  too  small  to  be  seen,  shows  that  their  light  is  in 
eome  way  derived  from  the  sun.  The  further  fact  that  the  hght 
shows  traces  of  polarization  also  indicates  the  presence  of  reflected 
sunlight.  But  while  the  light  of  a  comet  is  thus  in  some  way  attribu- 
table to  the  sun's  action,  the  spectroscope  shows  that  it  does  not 
consist,  to  any  considerable  extent,  of  mere  reflected  sunlight,  like 
that  of  the  moon  or  a  planet. 

723.  If  a  comet  shone  by  mere  reflected  light,  or  by  any  light  the 
intensity  of  which  is  proportional  inversely  to  the  square  of  the  sun's 
distance  (as  would  natura^lly  be  the  case  if  the  light  were  excited  directly 
by  the  sun's  radiation,  and  proportional  to  it),  we  should  have  its  apparent 
brightness  at  any  time  equal  to  the  quantity  *•  .  in  which  D  and  A  are 
the  comet's  distances  from  tbs  sun  and  from  the  earth  respectively.  The 
brightness  of  a  comet  does,  in  fact,  generally  follow  this  law  roi^hly,  but 
with  many  and  striking  eToeptioas.  The  light  of  a  comet  often  nane* 
grtally  and  (draost  caprictotuly,  shiniiig  out  for  a  few  hours  with  a  splendor 
seven  or  eight  fold  multiplied,  and  then  falling  back  to  the  normal  state  or 
even  below  it.  The  Pons-Brooks  comet  in  1883  and  Holmes'  comet  in  18B2 
furnished  remarkable  instances  of  this  sort. 

724.  The  Spectra  of  Comets. — The  spectrum  of  most  comets 
consists  of  a  more  or  less  faint  continuous  spectrum  (which  may  be 

'  If  a  comet  shone  villi  its  owo  iodepeodeDt  light,  like  a  star  or  a  nebula, 
then,  BO  long  as  it  conlinned  to  show  a  disc  of  sensible  diameter,  the  intrintk 
brigitntis  of  this  disc  would  remala  unchanged :  U  would  onlj  grow  imaller  as  it 
Needed  from  the  earth,  BOt/aintvr. 
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dae  to  reflected  sunlight,  though  it  is  usually  too  faint  to  show  the 
Fraunliofer  lines)  overlaid  by  three  bright  bands, — one  in  the  yellow, 
one  in  the  green,  and  the  third  in  the  blue.  These  bands  are  sharply 
defined  on  the  lower,  or  less  refrangible,  edge,  and  fade  out  towards 
the  blue  end  of  the  spectrum.  A  fourth  band  ia  sometimes  visible 
in  the  violet.  The  green  band,  which  is  much  the  brightest  of  the 
three,  in  some  cases  is  crossed  by  a  uumber  of  fine,  bright  lines,  and 
there  are  traces  of  similar  lines  in  the  yellow  and  blue  bands.  JUiia 
spectrum  is  ahtolutely  identipal  with  that  gimn  by  the  blue  base  of  an 
ordinary  gas  or  candle  flame  ;'^  or  better,  by  the  blue  flame  of  a  Bun- 
sen  burner  consuming  ordinary  illuminating  gas.  Almost  beyond 
question  it  indieafea  the  pretence  of  some  gaseous  carbon  compound, 
a  hydrocarbon  or  cyajwgen,  which  in  some  way  is  made  to  shine; 
either  by  a  general  heating  to  the  point  of  luminosity  (which  is  hardly 
probable),  or  by  electric  discharges  within  it,  or  by  local  heatings  due 
to  collisions  between  the  solid  masses  disseminated  through  the  gas- 
eous envelope ;  or  possibly  to  phosphorescence  due  to  the  action  of 
sunlight:  or  none  of  these  surmises  may  be  correct,  and  we  may 
have  to  seek  some  other  explanation  not  yet  suggested. 

It  is  not  at  all  certain  that  the  temperature  of  the  comet,  considered 
as  a  whole,  is  very  high.  Nor  will  it  do  to  suppose  that  because  the 
spectrum  reveals  the  presence  in  the  comet  of  gaseous  hydrocarbon, 
this  substance,  therefore,  composes  the  greater  part  of  the  comet's 
mass.  The  probability  is  that  the  gaseous  portion  of  the  comet  is 
only  a  small  percentage  of  the  whole. 

725.  X«tallio  Lines  in  Speetmin.  —  Wheu  a  comet  approaches 
very  near  to  the  sun,  as  did  Wells's  comet  in  1882,  and  a  few  weeks 
later  the  great  comet  of  that  year,  the  spectrum  shows  bright  metal- 
lic lines  in  addition  to  the  hydrocarbon  bands.  The  lines  of  sodium 
and  magnesium  are  most  easily  and  certainly  recognizable.  As  for 
the  other  lines  —  a  multitude  of  which  were  seen  by  Bicco  (of 
Palermo)  for  a  few  hours,  in  the  spectrum  of  the  great  comet  of 
1882^  they  are  probably  due  to  iron  ;  though  that  is  not  certain, 
for  they  were  not  seen  long  enough  to  be  studied  thoroughly. 

786.  Anomalous  Spectra.  —  While  most  comets  show  the  hydro- 
carbon Bpectrum,  occasionally  a  different  spectrum  of  bands  appears, 
yig.  198  shows  the  spectra  of  three  comets  compared  with  the  solar 
spectrum  and  with  that  of  hydrocarbon  gas. 

I  It  is  not  the  spectrum  of  carbon  monoxide,  CO,  as  has  been  stated  by  Flam- 
marlon  and  otbera,  though  there  is  some  evidence  of  the  presence  of  that  sub- 
■taace  aa  a  snbordfuaM  constituent. 
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Tha  first,  the  spectrum  of  Tebbutt's  comet  of  1881,  is  the  usual  one. 
The  other  two  are  unique.  Brorsen's  comet,  at  its  Inter  returns,  shuwed  the 
orilinary  comet  spectrum,  and  it  might  perhaps  be  considered  possible  that 
an  error  was  made  in  fixing  the  position  of  the  bsnds  at  the  first  observa- 
tion. But  the  peculiar  specti'um  of  comet  C,  ItiTT,  hardly  ]>ertnitfi  such 
an  eiplanation.  It  was  observed  at  Dunecht  on  the  same  night,  by  the 
same  observers  and  with  the  same  spectroscope,  as  another  comet  nbich 


98 — Comet  Spectrs. 


gave  the  usual  spectrum  ;  so  that  in  this  case  it  hardly  seems  possible  thst 
the  anomalous  result  can  be  a  mistake,  though  the  8X>ectrum  itself  as  yet 
remains  unidentified  and  unexplained. 

Holmes's  comet  of  1803,  unlike  any  other  yet  observed,  gave  a  limpii/  con- 
tinuous spectrum,  without  peree]>tible  markings  either  bright  or  dark- 
It  is  maintained  by  Mi.  Lockyer  that  the  spectrum  of  a  comet  changti  as 
it  varies  its  distance  from  the  sun.  the  bands  altering  in  appearance  aud 
shifting  their  position.     But  the  evidence  of  this  is  not  yet  conclusive. 

It  is  certainly  remarkable  that  comets,  coming  as  they  do  from  widely 
separated  regions  of  space,  show  so  little  variety  in  their  spectra:  a  priori  we 
should  expect  difference  rather  tlian  resemblance. 

727.  Development  of  Jets  and  Envelopes.  —  When  a  comet  is  first 
seen  at  a  great  distance  from  the  sun  it  is  ordinarily  a  mere  roundish, 
liazy  patch  of  faint  nebulosity,  a  little  brighter  near  the  centre. 
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As  the  comet  draws  oear  tlie  sun  it  brightens,  and  the  central  con- 
deosatioa  becomes  more  conspicuous  and  sharply  defined,  or  star-like. 


Fta.  UN.  — HudDlDoutl'iCoiuM,  OoUK.  ]UB,    (Bond.) 

Tbeu,  on  the  side  next  the  sun,  the  newly  forme<^  nuclens  begins  to 
emit  Jets  and  streamers  of  light,  or  to  throw  off  more  or  less  sym- 
metrical envelopes,  which  fol- 
low each  other  conceotricalty 
at  intervals  of  some  hoars,  ex- 
panding and  growing  fainter 
as  they  ascend,  until  they  are 
lost  in  the  general  nebulosity 
which  forms  the  head.  Dur- 
ing these  processes  the  nucleus 
continually  changes  in  bril- 
liancy and  magnitude,  usually 
growing  smaller  and  brighter 
just  before  the  liberation  of 
each  envelope.  When  jets  are 
thrown  oflf,  the  nucleus  seems 

to  oscillate,  moving  Bligblly  ■'.■•""-T..W.  c»...mi.  io...„.., 
from  nide  to  side ;  but  no  evidences  of  a  continuous  rotation  have 
ever  been  discovered.     The  two  figures,  199  and  200,  represent  the 
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OOHEIS. 


heads  of  two  comets  which  behaved  quite  differently.  Fig.  199  i§ 
the  head  of  Donati's  oomet  as  aeen  on  Oct.  5,  1858.  This  comet 
was  characterized  by  the  quiet,  orderly  vigor  of  its  action.  It  did 
very  little  that  waa  anomalons  or  erratic,  but  behaved  in  all  i-eapectB 
with  perfect  propriety.  The  Bystein  of  envelopes  in  the  head  of  this 
comet  was  probably  the  most  symmetrical  and  beautilYil  ever  seen. 
Fig.  200  is  from  a  drawing  by  Common  of  the  head  of  Tebbutt's 
comet  in  1661.  This  comet,  on  the  other  hand,  was  always  doing 
something  outri,  throwing  oft  jets,  breaking  into  fragments,  and,  in 
fact,  continually  exhibiting  unexpected  pfaeuomena. 

728.  Foimation  of  the  Tail.  — The  material  which  is  projected 
from  the  nucleus  of  the  comet,  as  if  repelled  by  it,  is  also  repelled 
bi/  the  sun,  and  driven  backward,  still  luminous,  to  form  the  train.  (At 
least,  this  is  the  appearance.)  Fig. 
201  shows  the  manner  in  which  the 
tail  is  thus  supposed  to  be  formed.' 
The  researches  of  llessel,  Norton, 
and  especially  the  late  investiga- 
tions of  the  Russian  Bredichin,  have 
shown  that  this  theory  —  that  the 
tail  is  composed  of  matter  repelled 
by  trath  the  comet  and  the  sun- 
not  only  accounts  for  the  phenomena 
in  a  general  way,  but  for  almost  all 
tbe  details,  and  agrees  mathemat- 
ically with  the  observed  position 
and  magnitude  of  the  tail  on  difFe^ 
ent  dates. 
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FormctioD  of  ■ 


The  repelled  particles  are  still  subject  to  the  sun's  gravitational  attraction, 

and  the  effectiee  force  acting  upon  them  is  therefore  the  difference  between 
the  gravitational  attraction  and  the  electrical  (?)  repulsion.  This  difference 
may  or  may  not  be  in  favor  of  the  attraction,  but  in  any  caae,  the  aun'a 
attracting  force  is,  at  least,  lessened.     The  consequence  is  that  those  repelled 


'  Other  theoriei  of  conieta*  taili  have  been  preaent4>d,  and  have  had  ■  cerUiD 
currency,  —  theories  according  to  which  the  tail  ii  a  mere  "  laminous  tbadow  "  ol 
the  comet,  lo  to  speak,  or  a  Bvrarm  of  meteon.  But  all  these  theories  breik 
down  in  the  details.  Thej  fail  %o  account  for  the  phenomena  of  jets,  enretopfa, 
etc..  In  the  head  of  the  comet,  and  ihey  turaiBb  mo  mathematical  detenu tDalim) 
of  the  outline*  and  curvature  of  the  tail. 
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particles,  as  soon  as  they  get  a,  little  away  from  tha  comet,  begin  to  move 
around  the  sun  in  hyperbolic  *  orbits  which 
lie  in  the  plane  of  the  comet's  orbit,  or 
nearly  ho,  and  are  perfectly  ainenable  to 
'  E&lculation. 

The  tail  it  simply  an  assemblage  of  these 
repelled  particles,  and,  according  to  theory, 
ought,  therefore,  to  be  a  eort  of  flat,  hollow, 
born-shaped  cone,  as  represented  by  Fig. 
202,  open  at  the  large  end,  and  rounded  /  . 
and  closed  at  the  smaller  one,  which  c 
tains  the  nucleus. 

729.  CniT&tare  of  tlie  Tail.  —  The  cone  is  curved  as  shown, 
because  the  particles  repelled  still  retain  theiroriginal  orbitaJ  motion, 
so  that  they  will  not  be  arranged  along  a  straight  line  drawn  from 


FlG.aa.  — A  Comet'!  Tall  nt  DUTereot  Point!  in  lU  Orbit  near 

the  sun  through  the  comet,  but  along  a  curve  convex  to  the  direction 
of  the  comet's  motion;  but  the  stronger  the  repulsion,  the  less  will 
be  the  curvature.     Fig.  203  shows  how  the  tail  ought  to  lie  as  the 

■  Referring  to  the  (ormnla  for  the  semi-major  axis  of  an  orbit,  viz., 
{An.  420), 


ne  see  that  a  repnisive  force  acting  from  the  sun  dimJnielies  U  (which  n 
the  sun's  attraction),  and  the  consequenc^e  is  that  if  the  unrepelled  particles  are 
describing  a  parabola  (in  which  case  U^-  V*),  then  for  the  repfUed  particles  the 
denominator  will  Ijccnme  negative  ( U  having  been  made  smaller  than  V  by  the 
repulsive  action),  and  thus  a  will  also  become  negative,  so  that  the  orbit  for  a 
Tcpelled  particle  will  be  a  hyperbola. 
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comet  rounds  the  perihelion  of  its  orbit  Aooording  to  this  theory, 
the  tail  should  hejigllow,  and  in  the  case  of  comets  when  at  their 
brightest  it  usually  seems  to  be  so,  the  centre  being  darker  than  the 


730.  The  Central  Stripe  in  a  Comet's  Tail. — Very  often,  there 
is  a  peculiar  straight,  dark  stripe  through  the  axis  of  the  tail  as 
shown  in  Figs.  199  and  200  of  the  head  of  Donati's  and  Tebbutt's 
comets.  It  might  be  mistaken  for  tlie  shadow  of  the  nucleus  if  it 
were  pointed  exactly  away  from  the  sun  ;  but  it  is  not,  usually  making 
an  angle  of  several  degrees  with  tlie  direction  of  a  true  shadow. 
Sometimes,  however,  and  not  very  unfrequeutly,  the  tail  has  a  briglit 

centre  instead  of  a  dark  one,  perhaps  on 
I  account  of  the  feebleness  of  tlie  comet's 
I  own  repulsive  action  ;  iu  fact,  this  seems 
I  to  be  Msually  the  case  when  the  comet 
s  reached  a.  considerable  distance  fVom 
I  the  sun  in  receding  from  it,  and  often  it 
o  when  the  comet  is  approaching  the 
sun,  but  is  still  remote,  as  in  the  case 
of  Coggia's  comet  shown  in  Fig.  204. 
In  such  cases  the  ttdl  is  generally  fiunt 
and  i]I-defined  at  the  edge,  with  a  central  spine  of  light,  and  in  some 
cases  it  becomes  apparently  a  mere  slender  ray,  of  less  diameter 
than  the  head  of  the  comet  itself.  This,  however,  is  unusual. 
The  explanation  of  this  kind  of  tail  requires  a  slight  modification  of 
the  theory,  so  far  as  to  admit  that  the  particles  at  first  repelled  by 
the  front  of  the  comet  aie  afterwards  attracted  by  it,  though  still 
repelled  by  the  aun. 

731.  Tails  of  Three  Different  Type*.  — Bredichin  bus  fonnd  that 
the  tails  of  comets  may  be  grouped  under  three  types :  — 

1 .  The  long,  straight  rays.  They  are  formed  of  matter  upon  which 
the  sun's  repulsive  action  is  from  twelve  to  fifteen  times  as  great  as 
the  gravitational  attraction,  so  that  the  particles  leave  the  comet  with 
a  relative  velocity  of  at  least  four  or  five  mites  a  second ;  and  this 
velocity  is  continually  increased  as  they  recede,  until  at  last  it  becomes 
enormous,  the  particles  travelling  several  millions  of  miles  in  a  day. 
The  straight  rays  which  are  seen  iu  the  figure  of  the  tail  of  DooaU'a 
comet,  tangential  to  the  tail,  are  streamers  of  this  first  ^'pe  ;  as  also 
was  the  enormous  tail  of  the  comet  of  1861. 
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2.  The  aeoond  tj-pe  U  the  cureed,  plume-like  train,  like  the 
principal  tail  of  Donati's  comet.  In  tMe  type  the  repnlsive  force 
variefl  from  2.2  times  gravity  (for  the  particles  on  the  convex  edge  of 
the  tail)  t«  half  that  amount  for  those  which  form  the  inner  edge. 

This  is  by  far  the  most  . 

common  type  of  come- 

tary  train. 

3,  A  few  comets  show 
tails  of  the  third  type, 
—  short,  Btubby  brush- 
es violently  curved,  and 
due  to  matt«r  of  which 
the  repulsive  foi-ce  is 
only  a  fraction  of  grav- 
ity, —  from  ^  to  ^. 

782.  According  to 
Brediehin,  the  tails  of  the 
first  type  are  probably 
composed  of  hydrogen, 
those  of  the  second  type 
of  some  hydrocarbon  ga>, 
and  those  of  the  third  of 
iron  vapor,  with  probably 
an  admixture  of  sodium 
and  other  materials. 

There  has  been  no  op- 
portunity since  Bredichjn 
published  thia  result  to 
test  the  matter  spectro- 
SCOpically  for  tails  of  the 
first  and  third  types,  by 
looking  for  the  lines  of 
hydrogen  and  iron.    The 

liydrogen  tails  are  almost        Ita. «».  —  BredlohlD'i  Th»«  Tjim  of  Comeutj  Tail*, 
always  very  faint,  and  the 

tails  of  the  third  class  are  uncommon.  Tails  of  the  second  type,  which  are 
bright«Bt  and  most  usual,  do  show  a  hydrocarbon  spectrum  throughout  their 
entire  lengtli,  and  so  far  confirm  his  view. 

The  reason  for  this  conclusion  of  Bredichin  is  that  he  supposes  the 
repolsive  force  to  be  a  tur/ace  action,  tbe  same  for  equal  surfaces  of  any  kind 
of  matter;  the  effective  accelerating  force,  therefore,  measured  by  the  velocity 
it  would  produce,  would  depend  upon  the  ratio  of  iw/ace  to  mats  in  the 
particles  acted  npon,  and  so,  in  hia  view,  sliould  be  inversely  proportional 
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to  their  molecular  weights.  Now  the  molecular  weights  of  hydrogen,  of 
h.vdrocarbon  gaaea,  and  of  the  vapor  of  iron,  bear  to  each  other  just  abont 
the  required  proportion. 

733.  Katnre  of  the  Bepolaive  Force.  —  As  to  this,  our  knowledge 
is  still  imperfect,  but  the  remarkable  discoveries  made  since  1890 
indicate  that  repulsions  must  be  active  wherever  conditions  exist 
like  those  at  the  surface  of  the  sun.     Phenomena  must  necessarily 

there  appear  resembling  those  e:{hibited  in  our  laboratories  when 
bodies  at  high  tenipevature,  or  under  powerful  electrical  excitement, 
or  composed  of  such  peculiar  substances  as  radium  and  ite  congeners, 
project  into  the  rarefied  medium  around  them  "ions"  and  "corpus- 
cles "  of  various  kinds  and  velocities.  Indeed,  as  Maxwell  pointed 
out  thirty  years  ago,  there  must  also  be,  according  to  his  electro- 
magnetic theory  of  light  {now  almost  universally  accepted),  a  pres- 
sure exerted  by  light-waves  upon  all  electro-conducting  masses  upon 
which  they  impinge:  a  force  very  minute  as  compared  with  gravity 
upon  masses  larger  than  pin-heads,  but  greatly  exceeding  it  for  par- 
ticles of  the  siiw  of  light-waves.  This  light-pressure,  long  vwnly 
sought  by  experiment,  has  at  last  (1901-2)  been  detected  and  meas- 
ured by  Lebedew  in  Moscow,  and  by  Nichols  and  Hull  in  our  own 
country.  We  are  no  longer  at  a  loss  to  account  for  the  sun's  repul- 
sion upon  the  materials  of  the  corona  and  of  comets'  tails,  but  only 
to  determine  in  just  what  manner  the  different  forces  cooperate. 

A  singular  theory  has  been  proposed  by  Zenker,  that  the  repulsion  is 
due  to  the  reaction  produced  by  rapid  evaporation  on  the  surface  of  U>e 
little  Bolid  and  liquid  pai-ticlea  of  which  he  supposed  a  comet  to  consist :  thia 
evaporation  would,  of  course,  be  most  rapid  on  the  side  of  the  particles  next 
the  sun,  and  would  cause  a  recoil  in  a  manner  analogous  to  that  by  which 
tiie  Bo-called  spheroidal  state  of  liquids  is  produced  on  a  heated  surface. 
Ranyard  has  suggested  that  the  coinetary  particles  may  consist  principally 
of  minute  liquid  drops  or  frozen  "hail-stones"  of  certain  hydrocarbons 
which  evaporate  rapidly  at  a  very  low  temperature  (such  as  rhigoline, 
naphtha,  and  their  congeners). 

734.  Stats  of  the  Hatter  oompoiin^  the  Tail.  —  This  also  is  a  sub- 
ject of  speculation  rather  than  of  knowledge.  Perhaps  the  simplest 
supposition  is  that  we  have  to  do  with  gaseous  matter  rarefied  even 
bejond  the  hmits  of  the  gas  contained  in  Crookes's  tubes,  —  so  rare- 
fied that  since  its  molecules  no  longer  sufFer  frequent  collisions  vitb 
each  other,  it  has  thus  lost  all  the  peculiar  mecfumical  characteris- 
tics of  a  gaseous  mass,  and  become  a  mere  cloud  of  separate  parti- 
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(dea,  each  particle  consiBtiag,  howerer,  of  bat  a  Bingle  molecnlft. 
SpecboBcopically  such  a  cloud  wonld  stitl  be  gaseous,  but  from  ■ 
mechanical  point  of  view  extremes  would  hare  met,  and  this  most 
teauona  gas  would  hare  become  a  cloud  of  finelj  powdered  aolid. 

730.  What  beoomei  of  the  Hatter  thrown  off  in  Cometi'  Tails.  — 
To  this  we  have  no  certain  answer  at  present;  but  if  the  theory 
which  has  been  stated  is  true,  it  is  clear  that  most  of  the  matter  so 
repelled  from  cometa  can  never  be  re^athered  by  the  nucleus,  but 
most  be  dissipated  in  space. 

Whenever  a  planet  meets  any  of  the  particles,  it  picks  them  np,  of  course, 
as  it  picks  np  meteora;  and  Newton  long  ago  suggested,  what  has  of  lat« 
been  forcibly  dwelt  upon  by  Dr.  Sterry  Hunt,  that  in  this  way  the  atnios- 
j^eres  of  the  planets  may  be  supplied  with  material  to  take  the  place  of  the 
carbon  which  has  been  absorbed  and  fixed  by  the  processes  of  crystallixation 
and  of  life.  Otherwise  it  would  seem  that  the  processes  now  going  on  upon 
the  earth's  surface  must  necessarily  in  tlie  course  of  time  deprive  the  atmos- 
phere of  all  its  carbouio  acid. 

If  this  view  is  correct,  it  follows  that  Euch  comets  as  have  tails  lose  a 
portion  of  their  substauce  every  time  that  they  visit  the  sun.  It  is  quite  con- 
ceivable, also,  that  tlie  processes  by  which  light  is  excited  in  the  head  of  a 
eomet  may  use  np  and  render  unfit  for  future  shining,  a  portion  of  its 
material ;  so  that,  as  a  periodic  comet  grows  old,  it  may  become  both  smaller 
and  lees  luminous,  until  finally  it  ceaseH  to  be  observable. 

736.  Anomaloiu  Taila  and  Straamen.  — It  Is  not  very  unusual  for 
comets  to  show  tails  of  two  different  types  at  the  same  time,  as,  for 
instance,  Douati's  comet.  But  occasioDitUy  stranger  things  happen, 
aod  the  great  comet  of  1744  is  reported  to  have  had  six  tftils  diverg- 
ing like  a  fan.  Winnecke's  comet  of  1877  threw  out  a  tail  laterally, 
making  an  angle  of  about  60°  with  the  normal  tail,  and  having  the 
same  length,  —  about  1°.  Fechdle's  comet  of  1880  (a  small  one), 
besides  the  normal  tail,  had  another  of  about  the  same  dimensions 
directed  straight  towards  the  sun :  streamers  of  considerable  length 
so  directed  are  not  very  infi-equent.  The  great  comet  of  1882  pre- 
tented  a  number  of  peculiarities,  which  will  be  mentioned  in  the 
more  particular  description  of  that  body,  which  is  to  follow.  Most 
of  these  anomalies  are  as  yet  entirely  unexplained. 

737.  Vatore  of  Comets.  — It  is  obvious  from  what  has  been  said 
that  we  have  little  certain  knowledge  on  this  subject ;  but  pcrh^)S  on 
the  whole  the  most  probable  hypothesis  is  the  one  which  haa  been 
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hinted  at  repeatedly,  —  that  a  comet  is,  as  Professor  NewtoD  ex- 
presses it,  nothing  but  a  "  mnd-bank";  i.e.,  a  swarm  of  solid  parti> 
dea  of  nnknowD  size  and  widely  separated  (say  ptn-heads  several 
hundred  feet  apart),  each  particle  carrying  with  it  an  envelope  of 
gas,  largely  hydrocarbon,  in  which  gas  light  is  produced,  either  by 
electric  discharges  between  the  particles,  or  by  some  other  light- 
evolving  action '  due  to  the  sun's  influence. 

This  hypothesis  derives  its  chief  plausibility  from  the  modem  dis- 
covery of  the  close  relationship  between  meteors  and  comets,  to  be 
discussed  in  the  next  chapter. 

73S.  Origin  of  Feriodio  Comets.  — It  is  obvious  tliat  the  comets 
which  move  in  parabolic  orbits  are,  as  has  been  said  already,  mere 
visitors  to  the  solar  system,  and  not  citizens  of  it:  but  as  to  those 
which  now  move  in  elliptical  orbits  around  the  sun,  returning  as 
regularly  as  planets.  It  is  a  question  whether  we  are  to  regard  them 
as  native-bom,  or  only  as  TuUuralized.  Did  they  originate  in  the 
system,  or  are  they  captives? 

739.  Planets'  families  of  Comets.  —  It  is  quite  clear  that  in  some 
way  or  other  many  of  them  owe  their  present  status  in  the  system  to 
Jupiter,  Ssturn,  and  the  other  planets.  In  Article  703  we  called  atten- 
tion to  the  fact  that,  without  exception,  all  the  short-period  comets 
{i.e.,  those  having  periods  ranging  from  three  to  eight  years),  pass 
very  near  to  Jupiter's  orbit  at  some  point  in  their  paths ;  and  they 
are  now  recognized  and  spoken  of  as  Jupiter's  "family  "  of  comets,  — 
about  thirty  of  them  are  reckoned  at  present,  their  number  having 
been  considerably  increased  by  the  discoveries  of  the  last  few  years. 

Fourteen  of  them  have  already  been  observed  at  two  or  more  returns,  and 
two  or  three  more  will  probably  be  reobserved  very  soon.  The  others  have 
failed  to  be  Been  a  second  time  either  by  pure  accident  or  on  account  of  un- 
favorable position,  or  they  may  have  suffered  the  same  mysterious  fate  as 
Biela'n  comet  (Art.  745),  and  disappeared. 


1  Some  have  ascribed  the  light  to  the  eallttiont  between  the  little  Btonet  of 
wliich  the;  aiiume  the  comet  to  be  made  up,  forgetting  that,  although  the  ofao. 
lale  velocitj  of  the  comet  is  eitremel;  great,  the  relaline  velocitiei  of  ila  con- 
stituent masaes  nith  reference  to  each  other  mast  be  very  slight  —  far  too  small 
apparently  to  account  for  any  considerable  rise  of  temperature  or  evolallon  of 
light  Id  that  vay.  It  is  perhaps  worth  considering  whether  gases  tn  tie  nait  m*y 
not  become  sensibly  luminous  at  a  much  lower  temperature  than  haa  nsnalt; 
been  supposed.  It  would  seem  not  Improbable  a  priori  that  at  every  temperat^it^ 
radiations  of  every  wave-length  must  be  emitted  in  some  degree ;  i.e.,  that  at  aif 
tanptraturt  abooe  lit  abtolute  itro  no  bod^  ii  abtoluUlf  noK-fuMi'iMW. 
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Similarly,  Saturn  is  at  present  credited  with  two  comets,  one  of 
whicli  is  Tuttle's  comet,  given  in  the  catalogue  of  periodic  comets. 
Uranus  stands  sponsor  for  three,  —  one  of  them  Tempel'a  comet, 
which  is  very  interesting  in  its  relation  to  the  November  meteors,  and 
was  expected  back  in  1900,  but  failed  to  appear.  Finally,  Neptune 
has  a  family'  of  six.  Halley's  comet  is  one  of  them,  and  two  of  the 
others  have  been  observed  for  a  second  time  since  1880;  the  other 
three  are  not  due  for  some  years  to  come. 

740.  Ori^  of  Comets:  the  "Captnre"  Theory.  —  The  generally 
accepted  theoi'y  as  to  the  origin  of  these  comet  families  is  that  the 
comets  which  compose  tbem  have  been  captured  by  the  planets  to 
which  they  now  belong.     This  was  first  suggested  by  Laplace. 

A  comet  entering  the  system  ftom  an  infinite  distance,  and  moving 
ill  a  parabolic  orbit,  when  it  comes  near  a  planet  will  be  either 
accelerated  or  retarded.  If  accelerated,  its  orbit  becomes  hyperbolic, 
80  that  it  never  returns  for  a  second  obsiTvation.  If,  on  the  other 
hand,  it  is  retarded,  the  orbit  becomes  elUpticnl,  and  the  comet  will 
return  at  regular  intervals,  moviug  in  a  path  which,  of  course,  always 
passes  through  the  point  where  the  disturbance  took  place. 

It  is  true,  as  Mr.  Proctor  has  pointed  out,  that  the  attraction  of 
Jupiter,  huge  as  is  his  mass,  could  not  at  one  effort  d-ansform  a  para- 
bolic orbit  into  an  orbit  so  small  as  that,  say,  of  Biela's  comet.  But 
it  is  not  necessary  that  the  thing  should  be  done  at  one  effort.  The 
comefs  orbit  lies  near  to  Jupiter's,  and  after  a  lapse  of  time,  Jupiter 
and  the  comet  will  be  eure  to  come  alongside  again  :  the  comet  may 
then  he  sent  into  a  hyperbolic  or  parabolic  orbit,  —  tlie  chances  for 
such  a  result  are  nearly  even  ;  —  but  it  may  also  have  its  velocity  a 
second  time  diminished,  and  its  orbit  made  stilt  smaller;  and  this  may 
be  done  over  and  over  again  unlimitedly,  until  the  aphelion  of  the 
comet  falls  at  such  a  distance  within  the  orbit  of  Jupiter  that  the 
planet  Is  do  longer  able  to  disturb  it  seriously.  Given  time  enough, 
and  comets  enough,  for  Jupiter  to  work  upon,  and  the  final  result 
would  necessarily  be  a  comet-family  such  as  really  exists,  with  the 
^helia  of  their  orbits  near  to  the  orbit  of  Jupiter,  and  periods 
Tonghly  half  his  own.  But  it  must  be  franldy  admitted  that  the 
extent  of  time,  and  the  quantity  of  cometary  material  demanded,  are 
enormous. 

'  Comet-Families  must  be  carefully  distlnguisbed  from  Comet-Groups.  Tbe 
comets  o(  a  single  ''group"  &tl  have  orbits  nearly  coincident,  at  least  in  the 
region  near  the  son.  The  orbila  of  a  "family  "  have  no  special  resemblance  to 
eacb  other  except  in  peiiod,  and  in  near  approach  to  tbe  orbit  ol  the  planet  to 
which  they  belong. 
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740*.  Thu  ■'  capture  theory  "  has  recently  received  a  fine  illiutratiOD  in 
the  caee  of  a  little  comet,  1889  V,  disooTered  by  Brooks.  It  was  veiy  soon 
found  to  be  a  member  of  Jupiter's  ><  family  "  with  a  period  of  abont  7  yean, 
and  on  careful  investigation  Dr.  S.  C.  Chandler,  of  Cambridge  (U.  S.),  ascer- 
tained that  in  1886  the  comet  and  the  planet  had  come  very  near  each  other, 
and  that  as  a  consequence  the  comet's  orbit  must  have  been  completely 
trausformed,  the  previoua  orbit  having  been  much  luger,  with  a  period  of 
about  27  years.  Now  the  researches  of  Laplace,  and  more  recently  of 
Leverrier,  had  shown  that  I^exell's  lost  comet  of  1770  (which,  according  to 
the  observations  then  made,  had  a  period  of  only  d(  years,  but  was  never  seen 
again)  (Art.  718)  was  removed  from  our  nuige  of  observation  by  a  aimilar 
eocounter  with  Jupiter  in  1779,  which  transformed  the  then  small  orbit  into 
one  much  larger.  Dr.  Chandler  showed  that,  so  far  as  could  be  determined 
from  the  observations  then  available,  it  appeared  not  only  possible,  but 
extremely  probable,  that  Brooks's  comet  was  identical  with  Lezell's ;  and 
for  some  time  it  was  generally  referred  to  as  the  Lexell-Brooks  comet.  Later 
researches,  however,  by  Dr.  C.  L.  Poor,  of  Baltimore,  based  on  more  extended 
observations,  while  confirming  the  closeness  of  approach  to  Jupit«r  in  1886, 
throw  great  doubt  upon  the  absolute  identity  of  the  Brooks  comet  with 
Lexell's,  and  make  it  more  probable  that  the  two  are  related  merely  as  origi- 
nally members  of  the  same  ■■  comet-group  "  (Art.  705) ;  a  conclusion  strength- 
ened by  Swift's  discovery  of  comet  1895  II,  which,  according  to  Schulhof, 
meets  the  conditions  of  identity  with  Lexell's  even  better  than  Brooks^ 

Comet  1889  V  returned  again  in  1S96,  having  been  found  in  June  very 
near  the  place  predicted  by  Poor.  It  was  faint  and  not  well  aituat«d,  but 
on  the  whole  the  observations  decidedly  favor  Poor's  conclusion  that  it  is 
not  identical  with  Lexell's. 

In  1889  the  comet  was  observed  by  Barnard  at  the  Lick  Observatory  to 
be  dovbU,  and  the  two  parts  were  slowly  separating  at  a  rate,  which,  reckoned 
backward,  would  indicate  that  the  disruption  had  occurred  in  1886  when  the 
planet  was  close  to  Jupiter.'  Accordii^  to  the  computations  of  Dr.  Poor,  the 
comet  then  actually  passed  between  the  surface  of  the  planet  and  the  orbit 
of  the  first  satellite. 

741.  ThB  "  Bjwtioil "  Theory.  —  Mr.  Proctor  has  suggested,  and 
vigorously  defended,  a  very  different  theory, — that  cornea  are  ma»*e»  of  matUr 
Khiek  have  been  throum  off  from  the  heavenlg  bodiet  bj/  eruptiatu  of  tome  tort; 
that  the  comets  of  Jupiter's  family,  tor  instance,  once  formed  a  portion  of 
its  mass,  and  were  at  some  times  ejected  with  a  velocity  sufBoient  to  set  them 
free  in  space ;  and  that  many  of  the  parabolic  comets  may  have  been  sim- 
ilarly ejected  from  our  own,  or  from  other  suns.  The  main  difficulty  with  this 
theory  is  that  there  is  no  evidence  of  the  necessary  eruptive  energy  in  Jupiter, 
or  in  any  of  the  planets.  A  body  would  have  to  leave  the  upper  surface  of 
Jupiter's  atmosphere  with  a  velocity  exceeding  thirty-five  miles  a  second. 

'  See  note  at  end  ol  chapter,on  the  disintegration  of  oomete. 
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It  cannot  be  said,  honever,  that  there  is  any  special  mechaniad  difficulty 
in  rai^wsing  that  some  of  the  parabolic  comets  may  owe  theit  origin  to 
emptions  from  distant  luru.  Our  own  aun  unquestionably  sometimes  ejects 
clouds  of  matter  (in  the  form  of  the  solar  prominences)  with  enormous 
velocity,  perhaps  in  some  cases  sufficient  to  send  them  off  into  space.  But 
ao  far  as  we  can  make  out  from  the  spectroscopic  evidence,  the  material  of 
eomets  is  entirely  difierent  from  that  of  the  prominenoee. 

741*.  The  Home  of  the  Cometa.  —  There  are  difficulties  connected 
with  the  theory  that  comets  come  to  us  from  mtenUUav  space, 
chiefly  depending  upon  the  now  certain  fact  that  the  solar  system  is 
travelling  at  the  rate  of  several  miles  a  second  (Art.  806),  and  that 
therefore  comets  composed  of  matter  met  by  us  ought  to  have  a 
relative  velocity  so  great  as  to  produce  numerous  hyperbolic  orbits, 
vhereas  we  find  few  such,  if  any.  Then  too  there  ought  to  be  a 
marked  concentration  of  the  axis  of  cometary  orbits  near  the  direc- 
tion of  the  solar  motion.  While  the  investigations  of  the  late 
Professor  Newton,  of  New  Haven,  partially  relieve  the  objections, 
other  astronomers  still  feel  them ;  aJid  it  haa  been  suggested  that 
»"the  home  Of  the  comets,"  bs  Professor  Peiroe  called  it,  may  be 
a  mass  or  shell  of  nebulous  matter  accompanying  the  system  in  its 
motion,  and  surrounding  it  at  a  distance  some  thousands  of  times 
greater  than  the  earth's  distance  from  the  aun,  but  still  much  closer 
than  the  nearest  stars  (for  of  the  stars  oar  next  neighbor,  a 
Centauri,  is  275000  times  remoter  than  the  sun).  A  comet  starting 
initially  from  such  a  "shell"  at  a  distance  of  10000  astronomical 
nnitfl  would  move  in  a  long  ellipse  with  a  period  of  a  million  years 
and  no  human  observation  could  detect  its  deviation  from  an  exact 
parabola.  Moreover,  if  comets  came  to  us  indiscriminately  from  all 
portions  of  this  nebulosity,  their  orbits  would  lie  indiscriminately 
in  all  directions,  and  in  every  plane,  just  as  we  find  them.  But  as 
yet  we  have  no  direct  evidence  of  any  such  oomet^ropping  envelope. 

742.  Benarkable  Comets.  —  (1)  Sailers  Comet.  This  was  the 
first  periodic  comet  whose  return  was  predicted.  Halley  based  his 
prediction  upon  the  fact  that  he  found  its  orbit  in  1682  to  be  nearly 
identical  with  those  of  the  comets  of  1607  and  1531,  which  had  been 
carefully  observed  by  Kepler  and  Apian ;  and  he  also  found  records 
of  the  appearance  of  great  cometa  in  1456,  in  1301,  in  1146  and 
1066,  which  would  correspond  as  regards  the  time-intervals  concerned, 
though  data  were  wanting  for  an  accurate  calculation  of  their  orbits. 
He  noticed,  of  course,  that  the  two  intervals  between  1531  and  1607, 
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and  between  1607  and  1682  were  not  quite  equal ;  but  he  had  sagao- 
ity  enough  to  see  that  the  differences  were  no  ^ater  than  might  be 
accounted  for  by  the  attractions  of  Jupiter  and  Saturn. 

The  tbeorj  of  perturbation  wae  not  then  sufficiently  developed  to  make  it 
pOHsible  to  compute  witb  precision  just  what  the  effect  would  be  apon  the 
next  return  of  the  comet,  but  be  saw  that  the  action  of  Jupiter  wonlil 
retard  it,  and  he  accordingly  fixed  upon  the  early  part  of  1759  m  the  time 
at  which  the  comet  might  be  expected.  Before  that  date,  however,  matb- 
ematics  bad  so  advanced  that  the  necessary  calculations  could  be  made. 
Clairaut,  as  the  result  of  a  most  laborious  investigation,  fixed  upon  April  13 
for  the  perihelion  passage ;  but  in  publishing  his  result,  he  remarked  that 
it  might  easily  be  a  month  out  of  the  way  owing  to  the  uncertainty  as  to 
the  niaases  of  the  planeta,  and  the  possible  action  of  undiscovered  planets 
beyond  Saturn  (Uranus  and  Neptune  were  theu  unknown).  The  comet 
actually  came  to  perihelion  on  March  13.  At  this  return  it  was  best  seen 
in  the  southern  hemisphere,  and  at  one  time  had  a  tail  nearly  50°  long.  At 
its  next  return,  in  1835,  it  came  to  the  predict«d  time  within  two  days.  It 
did  not  appear  on  this  occasion  as  an  extremely  brilliant  comet,  bat  was 
reasonably  conspicuous,  witb  a  tail  of  the  first  type  (hydrogen)  about  15" 
in  length. 

Its  next  return  will  occur  in  May,  1910,  but  the  necessary  calculations 
have  not  yet  been  made  to  determine  the  precise  date  with  accuracy. 

The  most  remarkable  of  its  earlier  appearances  were  in  1086  and  115S. 
The  comet  of  1066  figures  on  the  Bayeuz  tapestry  as  a  propitious  omen  for 
William  the  Conqueror  (of  England).  In  1456  the  comet,  accordmg  to 
popular  belief,  was  formally  excomnmnicated  by  Fope  Calixtus  III.  in  a 
bull  directed  mainly  against  the  Turks,  who  were  then  threatening  eastern 
Europe.  It  is  doubtful,  however,  whether  such  a  formal  bull  waa  ever  really 
promulgated. 

743.  (2)  Etieke's  Comet.  This  is  interesting  as  the  first  of  the 
short-period  comets,  and  also  as  the  comet  having  the  shortest  known 
time  of  revolution,  ~  only  abont  three  years  and  a  half.  Encke  first 
detected  its  periodicity  in  1819,  but  it  had  been  frequently  observed 
during  the  preceding  fifty  years,  and  has  been  observed  at  almcMt 
every  return  since  then.  It  is  usually  visible  only  in  the  telescope, 
though  sometimes,  under  very  favorable  circumstances,  it  can  be 
seen  by  the  naked  eye,  with  a  tail  a  degree  or  two  long.  It  is  often 
irregular  in  form,  and  "lumpy,"  and  seldom  shows  a  well-defined 
nucleus ;  nor  does  it  exhibit  very  much  that  is  interesting  In  the 
way  of  jets,  envelopes,  and  other  cometary  freaks.  We  have  already 
mentioned  its  remarkable  contraction  in  volume  on  approaching  the 
sun  (Art.  715),  and  the  progressive  shortening  of  its  period,  which 
has  been  ascribed  to  a  resisting  medium  (Art.  710). 
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744.  (3)  Bielii's  Comet.  This  is  also,  or  rather  was,  &  small 
oomet  with  a  period  of  6.6  years,  —  the  second  comet  of  short  period 
in  order  of  discorery .  Its  history  is  very  interesting.  It  was  dis- 
eovered  in  1826  by  Biela,  an  Austrian  officer,  and  its  periodic  char- 
acter was  soon  detected  by  Gambart,  whose  name  is  connected  with 
it  by  many  French  authorities.  Its  orbit  comes  within  a  very  few 
thousand  miles  of  the  earth's  orbit,  the  nearness  varying,  of  course, 
from  time  to  time,  on  account  of  perturbations.  The  approach  is 
often  so  close,  however,  that  if  the  comet  and  the  earth  were  to 
arrive  at  the  nearest  point  at  the  same  time  there  would  be  a 
collision,  and  the  earth  would  pass  through  the  outer  portions  of  the 
comet's  head.  At  the  return  of  the  comet  in  liiS2,  some  one  started 
the  report  that  such  an  encounter  would  occur,  and  in  consequence 
there  was  something  hardly  short  of  a  panic  in  southern  France  —  the 
first  of  the  since  numerous  "  comet-scares."  At  this  time  the  comet 
passed  the  critical  point  about  a  month  before  the  earth  reached  it, 
so  that  the  two  bodies  were  never  really  within  IB  000000  miles  of 
each  other. 

746.  At  the  comet's  next  return  in  1839  it  failed  to  be  observed 
on  account  of  its  unfavorable  position  in  the  sky ;  but  in  1846  it  duly 
reappeared,  and  did  something  very  strange  and  then  unprecedented.* 
It  divided  into  two!  When  first  seen  on  ^November  28,  it  presented 
the  ordinary  appearance  of  any  newly  discovered  comet.  On  December 
19  it  had  become  rather  pear-shaped,  and  ten  days  later  it  had 
divided,  the  duplication  being  first  seen  in  Kew  Haven,  and  soon 
after  at  Washington,  some  days  before  any  European  astronomer 
had  noticed  it. 

The  twin  cometfl  travelled  along  aide  by  side  for  more  than  four  months, 
at  an  almost  unvarying  distance  of  sbout  160000  miles,  without  showing 
the  least  s^  of  mntusi  attraction  or  disturbance ;  but  internally  both 
comets  were  intensely  active,  each  developing  a  nucleos  very  bright  for  a 
telescopic  comet,  with  a  tail  some  half  a  degree  in  length,  and  showing 
cnrious  fluctuations  of  light,  which  seemed  as  a  general  rule  to  alierntUe. 
At  times  the  two  comets  were  connected  by  a  faint  arc  of  light- 
When  next  the  comet  returned  in  August,  1852,  it  was  under  rather 
oufavorable  circumstances  for  observation,  but  the  twins  were  both  seen, 
now  separated  by  about  1  500000  miles,  and  travelling  quietly  in  their 
appointed  orbits.  Neither  of  them  has  ever  been  seen  again,  although  they 
ought  to  have  returned  five  times,  and  more  than  once  under  favorable  con- 
ditions for  visibility. 

^  See  also  Arts.  740"  and  761.    Also  note  at  end  of  chapter. 
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746.  But  the  story  is  not  jet  ended,  though  the  remainder  per- 
haps belongs  more  properly  to  the  next  chapter  of  our  book. 

On  the  night  of  November  27, 1872,  just  as  the  earth  was  passing 
the  old  track  of  the  lost  comet,  she  encountered  a  wonderful  meteoric 
shower.  As  Miss  Clerke  expresses  it,  perhaps  a  little  too  positively, 
"It  became  evident  that  Biela's  comet  was  shedding  over  us  the 
pulverized  products  of  its  dieintegratioo." 

The  same  thing  happened  again  in  2fovember,  1886,  and  1892,  when 
the  earth  ouce  more  passed  the  comet's  path. 

The  meteors  of  this  so-called  Bielid  swarm,  in  their  motion  through 
the  sky,  all  appear  to  come  from  a  point  in  the  constellation  of 
Andromeda,  and  are  therefore  sometimes  called  the  "Andromedes," 
and  their  motion  is  parallel  to  the  comet's  orbit,  at  the  point  where 
it  intersects  our  own. 

747.  (4)  Donates  Comet  of  1868.  This,  on  the  whole,  was  per- 
haps the  finest  (though  not  the  lai^est  or  the  most  extraordinary)  of 
the  comets  of  the  present  century,  having  been  very  favorably  situ- 
ated for  observation  in  the  October  sky. 

It  was  discovered  at  Florence  as  a  telescopic  object  on  June  2.  It  did 
not,  however,  become  visible  to  the  naked  eye  until  near  the  end  of  August, 
when  it  began  to  exhibit  the  beautiful  phenomena  which  have  made  it,  bo 
to  speak,  the  normal  and  typical  comet.  The  comet  hod  an  apparently 
well-defined  nucleus,  which  varied  in  diameter  at  different  times  from  500 
miles  to  3000.  For  several  weeks  the  coma  exhibited  in  unrivalled  perfection 
the  development  and  structure  of  concentric  envelopes.  Its  tail  was  of  the 
second  or  hydrocarbon  type,  with  faint  tangential  stieanierB  which  belong 
to  the  first  or  hydrogen  type ;  it  had  a  maximum  apparent  length  of  about 
60°,  and  -was  some  6°  or  6°  wide  at  the  extremity,  and  its  real  length  was 
about  45000000  miles,  with  a  width  of  10000000.  The  object  was  kept 
under  accurate  observation  for  fully  nine  months,  SO  that  its  orbit  is  unusu- 
ally well  determined  as  a  very  long  ellipse,  with  a  periodic  time  of  nearly 
2000  years.     Figs.  197  and  199  show  its  principal  features. 

Out  space  permits  us  to  cite  in  detail  only  one  other  comet :  — 

748.  (5)  The  Great  Comet  o/1882,  which  will  always  be  remem- 
bered, not  only  for  its  beauty,  but  for  the  great  variety  of  unusual 
phenomena  it  presented. 

Dincovery  and  Brightness.  The  comet  seems  to  have  been  first  seen 
as  a  naked-eye  object,  at  Auckland,  New  Zealand,  on  September  3. 
By  the  ?th  or  8th  it  bad  become  somewhat  conspicuous,  and  was 
observed  both  at  Cordova  (South  America)  and  at  the  Gape  of  Oood 
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Hope,  bnt  was  not  seen  in  the  north  until  the  day  when  it  passed  its 
perihelion,  September  17.  It  was  then  independeDtly  discovered  by 
Common,  in  England,  in  broad  daylight,  within  2°  of  the  sun;  and 
the  next  day  it  was  similarly  discovered  by  a  number  of  observers, 
especially  by  ThoUon,  at  Nice,  who  observed  its  speetrum  in  full 
sunlight,  and  measured  the  displacement  of  the  sodium  lines  pro- 
duced by  its  motion.  It  was  so  bright  that  there  was  not  the 
slightest  difficulty  in  seeing  it  by  simply  shutting  off  the  sun  with 
the  hand  held  at  aim's  length, 

750.  Kember  of  a  Comet  Onvp.  —  As  has  been  stated  before 
(Art.  705),  its  orbit  —  at  least,  that  portion  of  it  within  the  earth's 
orbit  —  coincides  almost  exactly  with  the  orbits  of  the  comets  of  ' 
1668, 1843,  and  1880.  The  salient  peculiarity  of  these  orbits  lies 
in  the  closeness  of  their  approach  to  the  eun,  the  perihelion  distance 
of  each  of  them  being  less  than  760000  miles,  so  that  they  all 
passed  within  300000  miles  of  the  sun's  surface,  and  with  a  velocity 
which  at  perihelion  exceeded  250  miles  per  second,  and  carried 
them  through  180°  of  their  orbit  in  less  than  three  hours.  And  yet, 
this  passage  through  the  sun's  coronal  regions  did  uot  disturb  their 
motion  in  the  least,  as  is  shown  by  the  fact  that  the  orbit  of  the 
comet  of  1882,  deduced  from  the  observations  made  before  the  peri- 
helion passage,  agrees  exactly  with  that  deduced  from  those  made 
after  it.  The  inference  as  to  the  extreme  rarity  of  the  sun's  corona' 
is  obvious.  Only  one  other  comet — Newton's  comet  of  1680  —  has 
ever  approached  even  nearly  as  close  to  the  sun  as  the  four  comets 
of  this  group. 

Tbe  comet  continued  visible  until  March,  aud  this  long  period  of  observe 
tion  enabled  the  computers  to  determine  the  orbit  with  a  greater  degree  of 
accuracy  than  is  usual.  They  all  agree  in  making  it  a  very  elongated 
eUipse,  with  a  period  ranging  from  650  years  to  840  years,  according  to 
different  computers. 

751.  Teleioopio  Featons.  —  When  the  comet  first  became  tele- 
Bcopically  observable  in  the  morning  sky  it  presented  very  nearly  the 
normal  appearance.  The  nucleus  was  sensibly  circular,  and  there 
were  a  number  of  clearly  developed,  concentric  envelopes  in  the 
head;  the  dark,  shadow-like  stripe  behind  the  nucleus  was  also  well 
marked.  In  a  few  days  the  nucleus  became  elongated,  and  finally 
stretched  out  into  a  lengthened,  luminous  streak  some  50000  miles 
in  extent,  upon  which  there  were  six  or  eight  star-like  knots  of  con- 
densation.    The  lai^est  and  brightest  of  these  knots  was  the  third 
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from  the  forward  end  of  the  line,  and  was  some  5000  miles  is 
diameter.     This  "string  of  pearls"  continued  to  lengthen  as  long  i& 


Out.  g.  Oct.  IB. 

Fio.aoe,  — TheHeadof  the  OreuOometof  1883. 

the  comet  was  visible,  until  at  last  the  length  exceeded  100000  miles. 
The  engraving  (Fig.  206)  represents  the  telescopic  appearance  at 
Princeton  on  Octobet  9  and  15. 

768.  Tail,  —  The  comet  waa  so  situated  that  its  tail  was  not  seen 
to  the  best  advantage,  being  directed  nearly  away  from  the  eartb, 
and  never  having  an  apparent  length  much  exceeding  35°.  The 
actual  length  of  the  tail,  however,  at  one  time  exceeded  lOOOOOOOO 
miles,  —  more  than  the  distance  of  the  earth  from  the  sun.  It  vis 
of  the  second  or  hydrocarbon  typo. 

A  unique  and  so  far  unexplained  phenomenon  was  a  faint,  straight- 
edged  beam  of  light,  or  "sheath,"  that  accompanied  the  comet, 
enveloping  the  head  and  projecting  three  or  four  degrees  in  front 
of  it,  as  shown  in  the  figure  (Fig.  207).  Besides  this,  at  different 
times,  three  or  four  irregular  shreds  of  cometary  matter  were 
detected  by  Schmidt,  of  Athens,  and  other  observers,  aocompanj- 
ing  the  comet  at  a  distance  of  three  or  four  degrees  when  Sist 
seen,  but  gradually  receding  from  it,  and  at  the  same  time  grovu^ 
fainter. 


D.gitizect.yG00glc 


D.oiliz.oB,GoOglc 


(Photogimplied  by  UiBBej'.) 
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Pio.  207.  —The  "  Sheath,"  and  the  AtUndaoM  ol  the  Comet  of  1882. 

7S2'.  Photc^rapliy  of  Cometi.— Mr.  Oill  at  the  Cape  of  Good 
Hope  obtained  a  number  of  fairly  good  photographs  of  the  comet 
of  1882,  and  since  then  the  art  has  so  improved  that  it  is  now 
possible  to  bring  out  with  the  camera  peculiarities  aud  details  which 
are  quite  invisible  to  the  eye  even  in  powerful  teleacopea.  This  is 
especially  the  case  with  the  comet's  tail.  Fig.  208  is  from  a  photo- 
graph of  RiOrdame's  comet  of  1893,  for  which  we  are  indebted  to  the 
kindneBB  of  Professor  Holden,  of  the  Lick  Observatory.  Because 
the  camera  (strapped  to  a  telescope  tube)  was  of  course  kept  pointed 
at  the  head  of  the  comet,  which  was  moving  rapidly,  the  images  of 
the  stars  in  the  field  of  view  during  the  hour's  exposure  are  drawn 
out  into  parallel  streaks,  the  little  irregularities  being  due  to  faults 
of  the  clock-work  and  vibrations  of  the  telescope.  The  knots  and 
streamers  which  characterize  the  comefs  tail  were  none  of  them 
visible  in  the  telescope,  and  are  not  the  same  shown  upon  plates, 
taken  the  day  before  and  the  day  after.  Other  plates,  made  the 
same  evening  a  few  hours  earlier  and  later,  indicate  that  the  "knots" 
were  swiftly  receding  from  die  comet's  bead  at  a  rate  exceeding 
160000  miles  an  hour. 

In  1892  Barnard  discovered  b  amall  comet,  by  the  streak  it  left  upon  one 
of  his  atai^plates. 
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We  close  the  chapter  with  a  few  remarks  upon  a  subject  vhidi 
has  been  much  discussed. 

703.  The  Earth's  Dangler  from  Comets.  —  It  has  been  supposed 
that  cometa  might  do  us  harm  in  two  ways, — either  by  actually 
striking  the  earth,  or  by  falling  into  the  sun,  and  thus  producing 
siich  an  increase  of  solar  heat  as  to  bum  us  up. 

As  regards  the  possibility  of  a  collision  with  a  comet,  it  is  to  be 
admitted  that  such  an  event  is  possible.  In  fact,  if  the  earth  lasts 
long  enough,  it  is  practically  sure  to  happen ;  for  there  are  several 
comets'  orbits  which  pass  nearer  to  the  earth's  orbit  than  the  semi- 
diameter  of  the  couiet's  head,  and  at  some  time  the  earth  and  comet 
will  certainly  come  together.  Such  encounters  will,  however,  be 
very  rare.  If  we  accept  the  estimate  of  Babinet,  they  will  occur 
about  once  in  15  000000  years  in  the  long  run. 

As  to  the  consequence  of  such  a  collision  it  is  impossible  to  speak 
with  confidence,  for  want  of  sure  knowledge  of  the  state  of  allega- 
tion of  the  matter  composing  a  comet.  If  the  theory  presented  in 
this  chapter  is  true,  everything  depends  on  the  size  of  the  separate 
solid  particles  which  form  the  main  portion  of  the  comet's  mass. 
If  they  weigh  tons,  the  bombardment  experienced  by  the  earth  when 
struck  by  a  comet  would  be  a  very  serious  matter ;  if,  as  seems  more 
likely,  they  are  for  the  most  part  smaller  than  pin-heads,  the  result 
would  be  simply  a  meteoric  shower. 

A  danger  of  a  different  sort  has  been  suggested,  that  if  a  comet  were  to 
strike  the  earth  our  atmosphere  would  be  poisoned  by  the  mixture  with 
the  gaseous  components  of  the  comet.  Here  again  the  probability  b  that 
on  account  of  the  low  density  of  the  cometary  matter  no  sufficient  amount 
of  deleterious  vapors  would  remain  in  the  air  to  do  any  mischief  at  the 
earth's  surface. 

764.  Efieat  of  the  Fall  of  a  Comet  into  the  Sun. — As  regards  the 
effect  of  the  fall  of  a  comet  into  the  sun,  it  may  be  stated  that,  escept 
in  the  case  of  Encke's  comet,  there  is  no  evidence  of  any  action  going 
on  that  would  cause  a  now  existing  periodic  comet  to  strike  the  sun's 
surface ;  it  is,  however,  undoubtedly  possible  that  a  comet  may  enter 
the  system  from  without,  so  accurately  aimed  that  it  will  hit  the  sail. 

But,  if  a  comet  actually  strikes  the  sun,  it  is  not  likely  that  the 
least  harm  will  be  done.  If  a  comet  having  a  mass  equal  to  j^^jm  of 
the  earth's  mass  were  to  strike  the  sun's  surface  with  the  parabolic 
velocity  of  nearly  400  miles  a  second,  it  would  generate  about  as 
mucli  heat  as  the  sun  radiates  in  eight  or  nine  hours.     If  this  were 
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all  instantly  effective  in  producing  increased  radiation  at  the  snn'a 
surface  (increasing  it,  say,  eightfold,  for  even  a  single  hour),  mis- 
chief would  follow,  of  course.  But  it  is  almost  certain  that  nothing 
of  the  sort  would  happen.  The  cometary  particles  would  pierce  the 
photosphere,  and  liberate  their  heat  mostly  below  the  solar  surface, 
simply  expanding,  by  some  slight  amount,  the  sun's  diameter,  and 
so  adding  to  its  store  of  potential  ene^y  about  as  much  as  it 
ordinarily  expends  in  a  few  hours.  There  might,  and  very  likely 
would,  be  a  flash  of  some  kind  at  the  solar  surface,  as  the  shower  of 
cometary  particles  struck  it,  but  probably  nothing  that  the  astron- 
omer would  not  take  delight  in  watching. 


Note. 

Callandresu  hag  very  recently  published  an  important  paper  upon  the 
disintegration  of  comets  by  the  action  of  the  sun  and  the  plunet  Jupiter, 
showing  that  the  limiting  distance  at  which  xuch  an  effect  is  possible  is 
quite  considerable,  and  that  the  breaking  up  of  a  comet  ought  not  to  be 
very  unusual.  He  suggests  that  many  of  the  "  comet  groups  "  may  have 
originated  in  this  nay,  and  that  the  number  of  the  comets  in  Jupiter's 
family  has  probably  thus  been  greatly  increased.  The  difficulty  referred 
to  in  the  last  sentence  of  Art.  740  respecting  the  "capture  theory"  is  thus 
very  much  relieved,     (blarcb,  1898.) 


ExKttcisES  ON  Chapter  XVIII, 

1.  What  would  be  the  mean  density,  compared  with  air,  of  the  spherical 
head  of  a  comet  a  hundred  thousand  miles  in  diameter,  and  having  a  mass 
one  hundred-thousandth  that  of  the  earth ;  assuming  the  density  of  the 
earth  as  5.55  times  that  of  water,  and  the  density  of  water  as  773  times 
that  of  air?  j_,     AUn„,      i 

~*     2.    What  would   be  the   diameter  of  such  a  comet  if  compressed  to  a 
density  the  same  as  that  of  the  earth?  ^^^    yj^  miles. 

3.  Can  the  dimensions  of  a  comet's  tail  be  determined  with  much 
accoracy?    If  not,  why  not? 
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4.  How  can  it  happen  that  comets  whose  orbits  nearly  coincide  withb  a 
distance  of  a  hundred  million  miles  from  the  bud  may  Itave  periods  differing 
by  hundreds  of  years?  For  example  the  comets  of  1680  and  1882,  of  which 
the  first  has  a  computed  period  of  only  33  years,  and  the  other,  of  more 
than  600. 

5.  In  the  case  of  two  cometary  orbits  very  nearly  parabolic,  and  having 
the  same  very  small  perihelion  distance,  how  would  the  ratio  of  their  major 
axes  be_^^fec^d,by  a  small  difference  in  their  perihelion  velocities!  (See 
Art.  420,  remembering  that,  as  the  orbits  are  nearly  parabolic,  T'  must  be 
very  nearly  equal  to  U*  when  the  comets  pass  perihelion.) 

6.  If  the  repulsive  force  of  the  sun  upon  a  particle  of  a  comet's  tail  ven 
just  equal  to  the  gravitational  attraction  (Art.  728}  what  would  be  the 
path  of  that  putid.?  ^„    ArtnighlUn.. 

7.  If  the  repulsive  force  exceeded  the  gravitational  attraction  what 
would  be  the  nature  of  the  path? 

Am.  An  hyperbola  convex  towards  the  sun,  and  with  the  sun  in  the 
extemoi  focus. 

8.  What  would  be  the  path  if  the  repulsive  force  were  only  very  small 
as  compared  with  the  grdyitational  attraction? 

Ant.  An  orbit  of  slightly  greater  eccentricity  than  that  of  the  comet 

iiMit 

9.  Will  a  given  comet  (say  Encke's)  have  pKcisely  the  same  orbit  oa 
e  returns? 


10.  Why  can  we  not  infer  with  certainty  that  two  cometa  which  have 
orbits  practically  identical  are  themselves  identical? 

11.  Can  we  from  apectros'copic  observatiocs  of  a  comet  infer  the  relative 
proportions  of  the  luminous  and  non-luminous  substances  present  in  the 
comet? 

12.  Is  it  probable  that  a  comet  can  continue  permanently  in  the  solar 
system  as  a  comet  t    If  not,  why  not,  and  what  will  become  of  it? 
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M£!TBX>RS  AKD  BHOOTIKO  STARS. 

755.    MetMTi.  —  OccasioDatly  bodies  fall  on  the  earth  from  the 
eky,  —  maaaea  of  atone  or  iron  which  sometimea  weigh  several  tons. 
During  its  flight  through  the  sky  such  a  body  is  called  a  meteor,  and   . 
the  pieces  which  fall  from  it  are  called  meteorites,  or  aerolites  (air- 
stones),  or  uranolitks  (heaven-stones),  or  simply  meteoric  atone*. 

706.  CiroomitanoM  of  th«ir  Fall.  —  The  circumstances  which 
attend  the  fall  of  a  meteorite  are  in  most  cases  substantially  as 
follows.  If  it  occurs  at  night  a  ball  of  iire  is  seen,  which  moves 
with  an  apparent  speed  depending  both  on  its  real  velocity  and  on 
the  observer'a  position.  If  the  body  is  coming  "head  on,"  so  to 
speak,  the  motion  will  be  comparatively  slow ;  so  also  if  it  is  very 
distant.  The  fire-ball  is  generally  followed  by  a  luminous  train, 
which  marks  out  the  path  of  the  body,  and  often  continues  visible 
for  a  long  time  after  the  meteor  itself  has  disappeared.  The  motion 
is  seldom  exactly  straight,  but  is  more  or  less  irregular,  owing  to  the 
resistance  of  the  air ;  and  every  here  and  there  along  its  path  the 
meteor  seems  to  throw  off  fragments,  and  to  change  its  course  more 
or  leas  abniptly.  If  the  obaerver  ia  near  enough,  the  flight  ia 
accompanied  by  a  heavy,  continuous  roar,  accentuated  by  sharp 
detonations  which  accompany  the  visible  explosions  by  which  frag- 
ments are  burst  off  from  the  principal  body.  The  noise  is  sometimes 
tremendous,  and  heard  for  distances  of  forty  or  fifty  miles,  but  since 
sound  travels  only  about  1100  feet  a  second  the  explosions,  if  distant, 
are  heard  after  a  considerable  interval,  —  often  several  minutes. 

If  the  fall  occurs  by  day  white  clouds  take  the  place  of  the  fire- 
ball and  the  train. 

707.  The  AerolitM  ThemielvM. — The  mass  that  falls  is  some- 
times a  single  piece,  but  more  usually  there  are  many  separate  frag- 
mentSt  as  in  the  case  of  the  Spanish  meteors  of  January,  1896. 
Sometimes  they  number  thousands,  as  in  the  L'Aigle  meteors  of 
1803;  then,  naturally,  the  stones  are  mostly  small,  and  sometimes 
they  are  mere  grains  of  sand.  Nearly  all  the  aerolites  that  are 
actually  seen  to  fall,  and  are  found  at  the  time,  are  masses  of  stone; 
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but  a  very  few,  perhaps  three  or  four  per  oent  of  the  whole  number, 
consist  of  nearly  pure  irtm,  more  or  lesa  alloyed  with  nickel.  There 
are  also  a  good  many  cases  of  uranoliths,  which  are  mainly  stony, 
but  have  a  considerable  portion  of  iron  disseminated  through  the 
mass  in  grains  and  globules ;  and  nearly  all  the  stony  uranoliths 
contain  as  much  as  twenty  or  thirty  per  cent  of  iron  in  the  form  of 
sulphides  or  analogous  compounds. 

758.  The  only  iron  meteors  which  have  been  achialiy  seen  to  fall  so  far, 
and  are  represented  by  specimens  in  our  museums,  are  the  following:  — 

(I)  Agram,  Bohemia, 1751. 

(;!)  Dickson  Co.,  Tennessee 1835. 

(:!)  Braunau,  Bohemia, 1847. 

(4)  Taharz,  Saxony, 1854. 

(f))  Nejed,  Arabia, 1885. 

(6)  NedagoIUh,  India, 1870. 

(7)  Maysville,  California, 1873. 

(8)  Rowtoii,  Shropshire.  Kngland,     .     .     .  1876. 

(9)  Emmett  Co.,  Iowa, 1879. 

(10)  Mazapil,  Mexico 1885. 

(11)  Johnson  Co.,  Arkansas 1886. 

The  Etnmett  County  iron  was  mostly  in  small  fragments,  and  along  with 
them  there  were  many  lar^'e  stones  with  quantities  of  iron  included.  The 
separate  fragments  ot  pure  iron  which  reached  the  earth  probably  came  by 
the  breaking  up  of  the  stony  masHea. 

Besides  these  iron  meteors  which  have  been  seen  to  fall,  our  cabinets 
contain  a  very  large  number  of  so-called  meteoric  irons;  i.e.,  muses  of  iron 
found  under  such  circumstances  that  they  cannot  easily  be  accounted  for  in 
any  way  except  by  supposing  them  to  be  of  meteoric  origin. 

759.  The  number  of  meteorites  which  have  fallen  since  1800  and 
been  gathered  into  our  cabinets '  is  about  276.  The  most  remarkable 
falls  in  the  United  States  have  been  the  sis  following  r  namely,  Weston, 
Connecticut,  1807;  Bishopaville,  So.  Carolina,  1843;  Cabarrus  Co.,  No. 
Carolina,  1849  ;  New  Concord,  Ohio,  1860 ;  Amatia,  Iowa,  1875  ;  and  Knv 
mett  Co.,  Iowa,  1879.  In  the  first  case  and  the  three  last,  several  hundred 
fragments  fell  at  the  same  time,  ranging  in  size  from  five  hundred  pounds 
to  half  an  ounce. 

760.  Twenty-five  of  the  chemical  element),  including  keliam,  have  been 
found   in   nteteors,   and    not  a  single   new   one.       The  mintraU   of  which 

1  In  this  country  the  cabinets  of  Amherst  College  and  Harvard  and  Yale 
Universities  are  especially  rich  in  meteorites.  The  finest  collection  En  the  world, 
however,  Is  that  at  Vienna.  The  collection  of  the  British  Museum  is  also  note- 
worthy, as  well  as  that  at  Paris. 
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meteorites  ore  composed  present  a  great  resemblance  to  terrestrial  miiiCTalfl 

of  volcanic  origin,  but  many  of 
them  are  peculiar,  and  found  in 
meteors  only.  (The  study  of 
these  meteoric  minerals  is  a  very 
curious  and  important  branch 
of  mineralc^,  though  natu- 
rally it  baa  not  many  votaries.) 
The  occasional  presence  of  car- 
bon is  to  be  specially  noted,  and 
in  a  meteor  which  fell  in  Russia 
the  carbon  appeared  to  be  in 
»  crystalline  form,  identical 
with  the  black  diamond,  though 
in  ex-ceedingly  minute  particles. 
Fig.  209  is  from  a,  photograph 
of  a  fn^ment  of  one  of  the 
meteoric  stones  which  felt  at 
Araana,  Iowa,  in  1875.  The 
picture  is  taken  by  the  permis- 
sion of  the  publishers  from 
Professor  I^angley's  "  New  As- 
tronomy," where    the   body   is 

designated  as  "  part  of  a  comet."  ^°-  2**- 

Fragment  of  one  of  the  AmauA  Meteoric  Stone*. 

761.  Thft  Crust  —  The  most  characteristic  extemal  feature  of  an 
aerolite  is  the  thin,  black  Mtist  that  covers  it,  usually,  but  not  always, 
glossy  like  a  varnish.  It  ia  formed  by  the  fusion  of  the  surface  in 
the  meteor's  swift  motion  through  the  air,  and  in  some  cases  pene- 
trates deeply  into  the  mass  of  the  meteor  through  fissures  and  veins. 
It  is  lately  composed  of  oxide  of  iron,  and  is  always  strongly 
magnetic  The  crusted  surface  usually  exhibits  pits  and  hollows, 
such  as  would  be  produced  by  thrusting  the  thumb  into  a  mass  of 
putty.  These  cavities  are  explained  by  the  burning  out  of  certain 
more  fusible  substances  during  the  meteor's  flight. 

76S.  M a^itada — Of  the  meteors  actually  seen  to  fall  the  largest 
pieces  found  thus  far  weigh  about  600  pounds,  though  the  whole  mass 
of  the  body  when  it  first  entered  the  atmosphere  has  sometimes  been 
much  larger,  perhaps,  in  a  few  cases,  amounting  to  two  or  three  tons.' 

>  Some  of  the  masses  of  Iron  sappoted  to  be  of  meteoric  origin,  but  not  actually 
seen  to  fall,  are  very  much  larger.  The  iron  mass  from  Otumpa  in  Meiico  is  s^d 
to  wdgb  fully  sixteen  tons.    As  regards  some  of  these  hypotheUcal  meteorit«s, 
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Aa  seen  from  a  diBtance  of  m&aj  mileB,  the  meteoric  fire-ball  some- 
times appears  to  have  a  diameter  as  large  as  the  moon,  which  would 
iDdicate  a  real  diameter  of  several  hundred  feet.  The  great  apparent 
size,  however,  is  an  illusion,  partly  due  to  irradiation,  and  partly, 
undoubtedly,  to  the  fact  that  the  meteor  itself  is  surrounded  by  an 
extensive  envelope  of  heated  air  and  smoke  which  becomes  luminous 
throughout.  Probably  no  single  meteor  ever  yet  investigated  was  a 
solid  mass  as  large  as  ten  feet  in  diameter. 

763.  Path.  —  When  a  meteor  has  been  observed  by  a  nnmber  of 
persona  at  different  pointi^  who  have  noted  any  data  which  will  give 
its  altitude  and  bearing  at  identified  moments,  the  path  can  be  com- 
puted. Observations  from  a  single  point  are  wortiiiless  for  the  pur- 
pose, since  they  can  give  no  information  as  to  the  meteor's  di^anee. 

The  meteor  is  generally  first  seen  at  an  altitude  of  between  eighty 
and  100  miles,  and  disappears  at  an  altitude  of  between  five  and  ten 
miles.  The  length  of  the  path  may  be  anywhere  from  50  miles  to 
600,  accordii^  to  its  inclination  to  the  earth's  surface.  The  \-elocity 
is  rather  difficult  to  ascertain,  but  is  found  to  range  from  t«n  to  forty 
miles  per  second  at  the  moment  when  the  meteor  first  becomes  visible, 
and  diminishes  to  one  or  two  miles  per  second,  at  the  l£me  when  it 
disappears.  The  average  velocity  with  which  meteors  enter  the 
atmosphere  appears  not  to  vary  much  from  the  "  parabolic  velocity  " 
of  twenty-six  miles  per  second,  due  to  the  sim's  attraction  at  the 
earth's  distance  —  a  fact  which,  of  course,  indicates  that  these  bodies, 
whatever  their  origin  may  be,  are  now  moving  in  space,  like  the  comets, 
under  the  sun's  attraction. 

With  possibly  a  very  few  exceptions  in  cases  where  the  meteor  glanea, 
so  to  speak,  on  the  earth's  atmosphere,  like  a  skipping-stone  on  water,  » 
body  which  has  once  entered  the  lur  is  sure  to  be  brought  to  the  ground : 
it  is  hardly  possible  that  one  meteor  in  a  million  should  escape  after  becom- 
ing involved  in  the  atmosphere.  We  mention  this  especially,  because  some 
authorities  erroneously  speak  of  it  as  a  usual  thing  for  the  meteor  to  keep 
on  its  course,  aud  leave  the  earth,  after  throwing  off  a  few  fragments. 

764.  Observation  of  Keteon. — The  object  of  the  observation 
should  be  to  obtain  accurate  estimates  of  the  altitude  and  azimutli  of 
the  body  at  moments  which  can  be  identified.     At  night  this  is  best 

bowever,  their  meteoric  origin  is  extremely  questionable ;  such,  for  Instance,  is 
the  case  with  the  enormous  masses  of  iron,  one  of  them  weighing  more  tbsn 
seventy  tons,  brought  from  the  Greenland  coast  by  Nordeoskiold  and  Peary. 
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done  b;  notii^  th«  poBitioo  of  the  meteor  witb  referenoe  to  neighbor^ 
ii^  stars  at  the  moments  of  its  appearance  and  disappearance,  or  of 
the  intervenii^  explosions.  In  the  daytime  it  can  often  be  done  by 
noting  the  position  of  the  object  with  reference  to  trees  or  buildings. 
The  observer  should  then  mark  the  exact  position  where  he  is  standing, 
BO  that  bj  going  there  afterwards  with  proper  instnimenta  be  can 
determine  the  data  desired. 

Of  cauraa,  all  such  measurement  must  be  ^ven  in  angular  untU.  To 
erpeak  of  a  meteor  as  having  an  altitude  oi  twenty /;«/,  and  pureuiag  a  path 
100  feel  long,  ia  metminglesa,  nnleaa  the  size  of  the  "foot"  is  somehow 
defined. 

The  determination  of  the  meteor's  velocity  Is  more  difficolt,  as  It 
ia  seldom  possible  to  look  at  a  watch-face  quickly  enough,  even  in 
the  da3'ttme.  The  usual  course  is  for  the  observer  to  repeat  some 
familiar  piece  of  doggerel  as  rapidly  as  possible,  beginning  when  the 
object  first  becomes  visible  and  stopping  when  it  explodes  or  disap- 
pears, noting  also  the  precise  syllable  where  he  stops.  By  repeating 
the  same  sentence  over  again  befove  a  clock  it  is  possible  to  deter- 
mine within  a  few  tenths  <of  a  second  the  lime  occupied  by  the 
meteor's  fiight. 

766.  Ezplonatiou  of  the  Heat  and  Light  of  a  Ketaor. — These 
are  due  simply  to  the  destruction  of  the  body's  velocity ;  its  kinetio 
mass-energy  of  motion  is  transformed  into  heat  by  the  friction  of  the 
air.  If  a  moving  body  whose  mass  is  Jf  kilograms,  and  its  velocity 
V  metres  per  second,  ia  stopped,  the  number  of  calories  of  heat 
developed  Is  given  by  the  equation 

The  qaantity  of  heat  evolved  in  bringing  to  rest  a  body  which  has  a 
velocity  of  foity-two  kilometres,  or  twenty-six  miles  a  second,  is  enor- 
mous, vastly  more  than  sufficient  to  fuse  it  even  if  it  were  made  of 
the  most  refractory  material,  and  hundreds  of  times  more  than  would 
be  produced  by  its  combustion  in  oxygen  if  it  were  a  mass  of  coal. 

This  heat  is  developed  all  along  the  meteor's  course,  and  mostly  just 
upon  its  surface.  As  Sir  William  Thomson  has  shown,  the  thermal 
effect  of  the  rush  through  the  air  is  the  same  as  if  the  meteor  viere 
immerKfl  in  a  blow-pipe  flame  having  a  temperature  of  many  thou- 
sand  d^rees ;  and  it  b  to  be  noted  that  this  tffnvperature  is  ind^ien- 
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dmt  of  the  dermty  of  the  air  through  which  the  meteor  maybe  passing. 
The  quantity  of  heat  developed  in  a  given  time  is  greater,  of  course, 
where  the  air  is  dense ;  but  the  temperature  produced  in  the  air  itself, 
at  the  surface  where  it  rubs  against  the  moving  body,  is  the  same 
whether  the  gaa  be  dense  or  rare. 

When  a  moving  bodj  has  a  velocity  of  about  1500  metres  per  second, 
the  virtual  temperature  of  the  surrouuding  air  is  about  that  of  red  heat ;  i.e^ 
the  body  becomes  heated  as  fast  as  it  would  if  it  were  at  rest  and  tbe  air 
about  it  were  heated  to  that  temperature.'  When  the  velocity  reaches  twenty 
or  thirty  miles  per  second,  it  is  scted  upon  as  if  the  surrounding  gas  wen 
heated  to  the  liveliest  incandescence  at  a  temperature  of  several  tboasand 
degrees.  The  surface  is  fused,  and  the  Uquefied  portion  is  continnallj' 
swept  oS  by  the  rush  of  the  air,  condensing  as  it  cools  into  the  tuminoua 
powder  that  forms  the  train.  The  fused  surface  itself  is  contiDoallj 
renewed  until  the  velocity  falls  below  two  miles  a  second  or  tbereabonts, 
when  it  solidifies  and  forms  the  characteristic  crust.  As  a  general  rule, 
therefore,  the  fragments  are  hot  if  found  soon  after  their  fall;  but  if  the 
stone  is  a  large  one  and  falls  nearly  vertically,  so  as  to  have  but  a  short  path 
through  the  air,  the  heating  effect  will  be  mainly  confined  to  its  surface;  and 
owing  to  the  low  conducting  power  of  stone,  tbe  centrt  may  still  remwn 
intensely  cold,  retaining  nearly  the  temperature  which  it  had  in  interplanet- 
ary space.  It  is  recorded  that  one  of  the  large  fragments  of  the  DburmBsIa 
(India)  meteorite,  which  fell  in  1860,  was  found  in  moist  earth  half  an  bonr 
or  so  after  the  fall,  coaled  uiilh  ice. 

766.  Train.  — One  unexplained  feature  of  meteoric  trains  de- 
serves notice.  They  often  remain  luminous  for  a  long  time,  some- 
times as  much  as  half  an  hour,  and  are  carried  by  the  wind  like 
clouds.  It  is  impossible  to  suppose  that  such  a  cloud  of  dust  remains 
ineandencent  from,  heat  for  so  long  a  time  in  the  cold  upper  regions  of 
the  atmosphere;  and  the  question  of  its  enduring  luminosity  or  phos- 
phorescence is  an  interesting  and  puzzling  one. 

787.  Origin.  —  We  may  at  once  dismiss  the  theories  which  make 
meteors  to  be  the  im/mediate  product  of  volcanic  eruption  on  tbe 
earth  or  on  the  moon.  They  come  to  us  for  the  most  part,  as  has 
been  said,  from  the  depths  of  space,  with  the  velocity  of  planets  and 

>  This  is  because  the  gaseous  molecules  strike  tbe  surface  of  tbe  meteor  is  il 
It  were  at  rest,  and  the  molecules  tbemselves  were  moving  vritb  speed  conre- 
spondingly  increased.  According  to  the  "kinetic  theory"  of  gases  tbe  *'teii>. 
peraiure  "  o(  a  gas  depends  entbrely  upon  the  "  mean-squaw  velocity  "  ol  iis 
molecules. 
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comets,  and  there  is  do  certain  reason  for  assuming  that  they  oiigi- 
nated  in  any  manner  different  from  the  larger  heavenly  bodies. 

At  the  same  time,  many  of  them  ao  closely  resemble  each  other  aa  almost 
to  compel  the  idea  of  some  common  source ;  and  though  lunar  volcanoes  are 
now  extinct,  and  no  terrestrial  volcano,  not  even  KrakatSo,  ia  twin  competent 
to  send  off  its  ejected  missiles  through' the  eariJi's  atmosphere  into  space,  it 
is  not  certain  that  this  was  always  so.  Some  still  maintain  that  these  bodies 
may  be  fragments  which  were  shot  ofi  millions  of  years  ago  when  the  moon's 
volcanoes  were  in  full  vigor  and  the  earth  was  young.  Since  then,  according 
to  this  view,  these  msBses  have  been  travelling  around  the  sun  in  long 
eUipees  which  intersect  the  orbit  of  the  earth,  until  at  last  they  happen  to 
come  along  at  the  right  time  and  encounter  her  atmosphere. 

As  to  the  mm  meteors,  some  maintain  that  they  come  to  us  from  the  sun 
or  some  other  star,  basing  the  opinion  upon  the  remarkable  fact  that  these 
meteoric  irons  are  generally  full  of  •'  occluded  "  hydrogen,  helium  and  carbon 
oxides,  which  can  be  extracted  by  proper  methods.  They  ai^ue  that  the  iron 
could  have  absorbed  these  gases  only  while  immersed  in  a  hot  dense  atmos- 
phere contuning  thsm,  —  a  condition  existing,  so  far  as  known,  only  on  the 
SOD  and  stars.  Thero  is  no  doubt  of  the  sun's  abiUty  to  project  masses 
to  planetary  distances,  aa  shown  in  the  case  of  many  eruptive  prominences ; 
and  it  is  not  unreasonable  to  suppose  that  other  suns  can  do  the  same. 

However  these  bodies  originated,  it  is  quite  certain  that  before  they 
reach  the  earth  they  have  been  moving  independently  in  space  for  a 
long  time,  just  as  planets  and  comets  do.  But  a  recent  Important 
research  by  the  late  Professor  Newton  has  shown  that  more  than  90 
per  cent  of  some  200  aerolites,  for  the  approximate  determination  of 
vhoee  paths  we  have  the  data,  were  moving  before  their  fall  in  orbits, 
not  parabolic,  but  analogous  to  those  of  the  short-period  comets; 
and  direct,  not  retrograde. 

788.  Betonatiag  Ifsteora,  or  "Bolides,"  of  which  Fragmenta  ara 
not  known  to  reach  the  Earth.  —  Some  writers  discriminate  between 
these  meteors  and  aerolites,  but  the  distinction  does  not  seem  to  be 
well  founded.  The  phenomena  appear  to  be  precisely  the  same, 
except  that  in  the  one  case  the  fr^ments  are  actually  found,  and  in 
the  other  they  fall  into  the  sea,  the  forest,  or  the  desert ;  or  some- 
times when  the  path  is  nearly  horizontal,  and  therefore  long,  they 
may  be  consumed  and  dissipated  in  the  dust  and  vapor  of  the  train, 
without  reaching  the  earth's  surface  at  all,  except  ultimately  as 
impalpable  dust. 

769.  Vnmher.  —  As  to  the  number  of  aerolites  which  strike  the 
earth,  it  is  difficult  to  make  a  trustworthy  estimate.     Since  the 
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beginniog  of  the  century,  at  least  two  or  three  have  been  seen  to 
fall  every  year,  and  have  been  added  to  our  cabinets  (see  Art. 
759),  —  in  some  years  ae  many  as  half  a  dozen.  This,  of  coarse, 
implies  a  vastly  greater  number  vrhich  are  not  seen,  or  are  not 
found.  Schreibers,  some  years  ago,  estimated  the  number  as  high 
as  700  a  year,  and  Beichenbach  Sets  it  still  higher  —  not  less  than 
3000  or  4000. 

SHOOTING  STARS. 

770.  A  few  minutes'  watching  on  any  clear,  moonless  night  vill 
be  sure  to  reveal  one  or  more  of  the  swiftly  moving,  evanescent 
points  of  light  that  are  known  as  "shooting  stars,"  Xo  sound  is 
ever  heard  from  them,  nor  (with  a  single  exception  to  be  mentioned 
further  on)  has  anything  ever  been  known  to  reach  the  earth's  sur- 
face from  them,  not  even  when  the  sky  was  "as  full  of  them  as  of 
snow-flakes,"  as  sometimes  has  happened  in  a  great  meteoric  shower. 
For  this  reason  it  is  perhaps  justifiable  to  allow  the  old  distinction 
to  remain  between  them  and  the  bodies  we  have  been  discussing,  at 
least  provisionally.  The  difference  may  be,  and  according  to  opinion 
at  present  prevalent  very  probably  is,  merely  one  of  size,  like  that 
between  boulders  and  grains  of  sand.  Still  there  are  some  reasons 
for  supposing  that  there  is  also  a  difference  of  constitution,  —  that 
while  the  aerolite  is  a  solid,  compact  mass,  the  shooting  star  is  a 
little  cloud  of  dust  and  intermingled  gas,  like  a  puff  of  smoke, 

771.  Nomben.  —  The  number  of  these  bodies  is  very  great,  A 
single  watcher  sees  on  the  average  from  four  to  eight  hourly.  If 
observers  enough  are  employed  to  guard  the  whole  sky,  so  that 
none  can  escape  unnoticed,  the  visible  number  becomes  from  thirty 
to  sixty  an  hour.  Since  ordinarily  only  those  are  seen  which  are 
within  two  or  three  hundred  miles  of  the  observer,  the  estimated 
total  daily  number  of  those  which  enter  the  earth's  atmosphere,  and 
are  large  enough  to  be  visible  to  the  naked  eye,  rises  into  the  mil- 
lions. Professor  Newton  sets  it  at  from  16  000000  to  20  000000,  the 
average  distance  between  them  being  about  250  miles. 

The  number  too  small  to  be  seen  by  the  naked  eye  is  still  lai^r.  One 
hardly  ever  works  many  hours  with  a  telescope  carrying  a  low  power,  and 
having  a  field  of  view  as  large  as  15'  in  diameter,  without  seeing  several 
of  them  flash  across  the  field.  In  a  few  instances  observera  have  reported 
dark  mttean  crossing  the  moon's  disc  while  they  were  watching  iL  There 
may  be  some  question,  however,  as  to  the  real  nature  of  the  objects  seen  in 
Buch  a  case.     Birds  (?). 
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775.  ComparatiTfl  ITtimber  ia  Honiing  and  Evening. — Thehourly 
number  about  six  o'clock  in  the  morning  is  fully  double  the  hourly 
number  in  the  evening.  The  obvious  reason  is  simply  that  in  the 
morning  we  are  on  the  fromt  of  the  earth,  as  regards  its  orbital 
motion,  while  in  the  evening  we  are  in  the  rear ;  in  the  evening  we 
only  see  such  meteors  as  overtake  us  ;  in  the  morning  we  see  all  that 
we  either  meet  or  overtake,'  If  they  are  really  moving  in  all  direc- 
tions alike,  with  the  parabolic  velocity  corresponding  to  the  earth's 
distance  from  the  sun  (twenty-six  miles  per  second),  theory  indicates 
that  the  relative  hourly  numbers  for  morning  and  evening  ought  to 
be  in  just  the  observed  proportion. 

773.  Brightnew.  —  For  the  most  part  these  bodies  are  much  like 
the  stars  in  brightness, — a  few  are  as  brilliant  as  Venus  or  Jupiter; 
more  are  like  stars  of  the  first  m^nitude ;  and  the  majority  are  like 
the  smaller  stars.  The  bright  ones  not  unfrequently  show  trains 
which  sometimes  last  from  live  to  ten  minutes,  when  they  are  folded 
up  and  wafted  away  by  the  winds  of  the  upper  air.* 

774.  Elevation,  Path,  and  Telocity.  —  By  observations  made  by 
two  or  more  observers  thirty  or  forty  miles  apart,  it  is  possible  to 
determine  the  height,  path,  and  velocity  of  these  bodies.  It  is  found 
aa  the  result  of  a  great  number  of  such  observations  that  they  first 
appear  at  an  average  elevation  of  about  seventy-four  miles,  and  dis- 
appear at  an  average  height  of  about  ^,^  miles,  after  traversing  a 
distance  of  forty  or  fifty  miles,  with  an  average  velocity  of  about 
twentifflve  miles  per  second.  They  do  not  begin  to  be  visible  at  so 
great  an  elevation  as  the  aerolitic  meteors,  and  they  vanish  before 
they  penetrate  so  deeply  into  the  atmosphere. 

776,  Kateriali.  —  Occasionally  it  has  been  possible  to  catch  a 
glimpse  of  the  spectrum  of  one  of  the  brighter  shooting  stars,  and 
the  lines  of  sodium  and  magnesium  (probably)  are  quite  conspicuous, 
along  with  some  other  lines  which  cannot  be  securely  identified. 

As  these  bodies  are  completely  burned  up  before  they  reach  the 
earth,  all  we  can  ever  hope  to  get  of  their  material  is  the  product 
of  the  combustion.  lu  most  places  the  collection  and  identifica- 
tion of  this  meteoric  ashes  is,  of  course,  hopeless:    but  Norden- 

1  The  earth's  orbital  motion  is  always  directed  nearly  t«wardfi  the  point  on 
the  ecliptic  W  toest  of  the  sun. 

'  These  air  currenls,  at  an  elevation  of  forty  miles  above  the  earth's  surface, 
are  Oina  observed  to  have,  ordlnorilir,  velocities  of  from  6C  to  75  miles  an  hour. 
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stiold  has  thought  he  might  find  it  in  polar  sqowb,  and  others  have 
thought  it  might  be  found  in  the  material  dredged  up  from  the 

bottom  of  the  ocean.  In  fact,  the  Swedish  naturalist,  by  melting 
several  tons  of  Spitzbergeu  snow  and  filtering  the  water,  did  find  in 
it  a  sediment  containing  minute  globules  of  oxide  and  sulphide  of 
iron :  similar  globules  are  also  found  in  the  products  of  deep  Bea 
dredging.  These  ■may  be  meteoric  ashes ;  but  it  is  quite  possible 
that  the  suspected  material  is  purely  terrestrial  in  its  origin. 

776.  Probable  Xass  of  Bhootingr  Stars.  —  We  have  no  very  oertain 
means  of  getting  at  this.  We  can,  however,  fix  a  provisional  value 
bymeana  of  the  amount  of  light  they  give.  Photometric  comparisona 
between  a  standard  star  and  a  meteor,  when  we  know  the  meteor's 
distance  and  the  duration  of  its  flight,  enable  us  to  ascertain  how 
the  total  amount  of  light  emitted  by  it  compares  with  that  given 
by  a  standard  candle  shining  for  one  minute.  Now,  according  to 
determinations  made  about  1860  by  Thomson  at  Copenhagen 
(which  ought  to  be  repeated),  the  light  given  by  a  standard  candle  in 
a  minute  is  equivalent  to  about  twelve  foot-pounds  of  energy.  This 
excludes  all  the  energy  of  the  dark,  invisible  radiation  of  the  candle. 
Our  observations  of  the  meteor  give  us,  therefore,  its  total  luminout 
energy  in  foot-pounds ;  and  if  the  whole  of  the  meteor's  energy 
appeared  as  light,  then,  since  Energy^^MV^,  we  could  at  once  get 
its  mass  by  dividing  twice  this  luminous  energy  by  the  square  of  the 
meteor's  velocity.  Since,  however,  only  a  small  portion  of  the 
meteor's  whole  energy  is  transformed  into  light,  the  mass  obtained 
in  this  way  would  be  too  small,  and  must  be  multiplied  by  a  factor 
which  expresses  the  ratio  between  the  total  energy  and  that  which 
is  purely  luminous.  It  is  not  likely  that  this  factor  exceeds  one 
hundred,  or  is  less  than  ten.  Assuming  the  largest  value,  however, 
the  photometric  observations  made  in  1866  and  1867  by  Professors 
Newcomb  and  Harkness  (stationed  respectively  at  Washington  and 
Bichmond),  showed  that  the  majority  of  the  meteors  of  those  star- 
showers  weighed  less  than  a  single  grain.  The  latest  of  them  did 
not  reach  100  grains,  or  about  a  quarter  of  an  ounce.  A  similar 
result  follows  on  the  assumption  that  the  "luminous  efficiency" 
of  a  meteor  is  about  the  same  as  that  of  an  electric  incandescent 
lamp. 

777.  Orowth  of  the  Earth.  —  Since  the  earth  (in  fact,  every  planet) 
is  thus  continually  receiving  meteoric  matter,  and  sending  nothing  awaj 
from  it,  If  must  be  conatantl;/  grouting  larger,-  but  this  growth  is  extremely 
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inugnificant.  The  meteoric  matter  received  daily  by  the  earth,  if  we  accept 
one  graiu  as  the  average  weight  of  a  shooting  star,  would  be  ouly  about 
a  ton,  after  making  a  reasonable  addition  for  occasional  aerolites.  If  we 
multiply  this  estimate  by  one  hundred,  it  certainly  will  be  exceedingly 
liberal,  and  at  that  rate  the  amount  received  by  the  earth  in  a  year  would 
amount  to  the  very  respectable  figure  of  3S500  tons ;  and  yet,  even  at  this 
Tate,  assuming  the  specific  gravity  of  the  average  meteor  as  three  tiroes  that 
of  wat«r,  it  would  take  about  1000000000  yeart  to  accumulate  a  layer  one 
iach  thick  oeer  the  earth'i  surface. 

778.  Efiect  on  the  Earth's  Orbit.  —  Theoretically,  the  encounter  of 
the  earth  with  meteors  must  shorten  the  year  in  three  distinct  ways :  — 

First.  By  acting  as  a  resisting  medium,  and  so  diminishing  the  eize 
of  the  earth's  orbit,  and  indirectly  accelerating  its  motion,  in  the  same 
matiiier  as  ia  suj^sed  to  happen  with  Encke's  comet 

Second.  By  increasing  the  attraction  between  the  earth  and  the  sun 
through  the  increase  of  their  masBes. 

Third.  By  lengthening  the  day — the  earth's  rotation  being  made  slower 
by  the  increase  of  its  diamet«r,  so  that  the  year  wiU  contain  a  smaller  num- 
ber of  days. 

The  whole  effect,  however,  of  the  three  causes  combined,  does  not  amount 
to  yj^7  of  a  second  in  a  million  of  years.  The  diminution  of  the  earOi's 
distance  from  the  sun,  assuming  that  one  hundred  tons  of  meteoric  matter 
fall  daily,  and  also  assuming  that  the  meteors  are  moving  equally  in  all 
directions  with  the  parabolic  velocity  of  twenty-six  miles  per  second,  comes 
out  about  jniffTi  °^  *"  J'^^*'  P^''  annum. 

Theoretically,  also,  the  sBm.e  meteoric  action  should  produce  a  shortening 
of  the  month,  and  Oppolzer  investigated  the  subject  a  few  years  ago,  to  see 
what  amount  of  meteoric  matter  would  account  for  the  observed  lunar  accel- 
eration (Art.  450).  He  found  that  it  would  require  an  amount  immensely 
greater  than  really  falls. 

778.  Keteorio  Heat :  Efteot  of  Hettfon  on  tlie  Tmupsreuoy  ol 
Space. — Of  course  each  meteor  brings  to  the  earth  a  certain  amount  of  heat 
developed  in  the  destruction  of  its  motion ;  and  at  one  time  it  was  thought 
that  a  very  considerable  percentage  of  the  total  heat  received  by  tJie  earth 
might  be  derived  from  this  source  (see  Art.  355  [2]).  Assuming,  how- 
ever, as  before,  the  fall  of  one  hundred  tons  of  meteoric  matter  daily  with 
an  averts  velocity  of  twenty  miles  per  second  relative  to  the  earth,  the 
whole  amount  of  heat  comes  out  about  ^  calorie  jier  annum  for  each  square 
metre  of  the  earth's  surface  —  as  much  in  a  year  as  the  sun  imparts  to  the 
■ame  surface  in  about  one-tenth  of  a  second. 

One  other  effect  of  meteoric  matter  in  space  should  be  alluded  to.  It 
most  necessarily  render  space  imperfectly  transparent,  like  a  thin  haze. 
Iisss  light  reaches  us  from  a  remote  star  than  if  the  meteors  were  absent 
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780.  Xetoorie  Show«n.  —  At  certain  times  the  shooting  stars, 
instead  of  appearing  here  and  there  in  the  Bky  at  intervals  of  seTeral 
minutes,  and  moving  in  all  directions,  appear  by  thousands,  and  even 
hundreds  of  thousands,  for  a  few  hours. 

The  Radiant.  — At  such  times  they  do  not  move  without  system ; 
but  they  all  appear  to  diverge  or  "  radiate  "  from  one  point  in  the 
sky ;  that  is,  their  paths  produced  backward  all  intersect  at  a  common 
point  (or  nearly  so),  which  is  called  "the  radiant."  As  an  old  lady 
expressed  it,  in  speaking  of  the  meteoric  shower  of  1833,  "The  sky 
looked  like  a  great  umbrella."  The  meteors  which  appear  near  the 
radiant  are  stationary,  or  have  paths  extremely  short,  while  those 
which  appear  at  a  distance  from  it  have  long  courses.    The  radiant 


Fio.210.— TheMeteoriaRadlMitiD  Leo,  Not.  13. 


keeps  its  place  among  the  stars  unchanged,  during  the  whole  continu- 
ance of  the  shower,  and  the  shower  is  named  accordingly.  Thus  we 
have  the  meteor  shower  of  the  "  LeoniSs"  whose  radiant  is  in  the 
constellation  of  T^eoj  similarly  the  "ATtdromeden"  (or  Bielids),  the 
"  Perseids,"  the  "  Geminids,"  the  "Lj/rids"  etc.  Fig.  210  is  a  chart 
of  the  tracks  of  meteors  observed  on  the  night  of  Kov.  13,  1866, 
showing  the  radiant  near  f  Leonis. 
The  simple  explanation  is  that  the  radiant  is  purely  an  effect  of 
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perspectire.  Tbe  meteors  are  really  moving,  relatirel;  to  the  ob- 
server, in  lines  which  ate  sensibly  straight  and  parallel,  as  are  also 
the  tracks  of  light  which  they  leave  in  the  air.  Hence  they  all  seem 
to  diverge  from  one  and  the  same  perspective  "vanishing  point." 
The  position  of  the  radiant  depends  entirely  upon  the  direction  of 
the  meteor's  motion  relative  to  the  earth. 

On  account  of  the  irregular  form  of  the  meteoric  particles,  they 
are  deflected  a  little  one  way  or  the  other  by  the  air ;  neither  is  it 
likely  that  before  they  enter  the  air  their  paths  are  exactly  parallel. 
The  consequence  is  that  the  radiant,  instead  of  being  a  point,  is  an 
area  of  some  little  size,  usnally  less  than  2°  in  diameter.  (For  note 
on  "Stationary  Badiants,"  see  Art.  787*.) 

781.  Probably  the  most  remarkable  of  all  meteoric  showers  that  ever 
occurred  waa  that  which  appeared  in  the  United  States  on  Nov.  12,  1833, 
in  the  early  morning  —  a  shower  of  Leonids.  The  number  that  fell  in 
the  five  or  six  hours  during  which  the  shower  lasted  was  estimated  at 
Boston  OS  fully  250,000.  A  competent  observer  declared  that  "be  never 
saw  snow-flakes  thicker  in  a  storm  than  were  the  meteors  in  the  sky  at 
some  momeDta."  No  sound  was  heard,  nor  was  any  particle  known  to 
reach  the  eaith. 

78S.  Dates  of  Shmnn.  —  Since  the  meteor-swarm  pnranes  a  r^u- 
lar  orbit  around  the  sun,  the  earth  can  only  encounter  it  when  she  is 
at  the  point  where  her  orbit  cuts  the  path  of  the  meteors  ;  and  this, 
of  course,  must  always  be  on  the  same  day  of  the  year,  except  as,  in 
the  process  of  time,  the  meteors'  orbits  slowly  shift  their  positions  on 
account  of  perturbations.  The  Leonid  showers,  therefore,  always 
appear  on  the  15th  of  November  (within  a  day  or  two)  ;  the  Androm- 
edes  on  the  27tli  or  26th  of  the  same  month ;  and  the  Perselds  early 
in  AugOBt. 

TBS.  Heteorio  Ain^  and  Swanns.  —  If  the  meteors  are  scattered 
nearly  uniformly  around  their  whole  orbit,  so  as  to  form  a  ring,  the 
shower  will  recur  euery  year;  but  if  the  flock  is  concentrated,  itwill  oc- 
cur only  when  the  meteor  group  ia  at  the  meeting-place  at  the  same  time 
as  the  earth.  The  latter  is  the  case  with  the  Leonids  and  Andromedes. 
The  great  star-showers  from  these  groups  occur  only  rarely,  —  for  the 
Leonids  ODce  In  thirty-three  years,  and  for  the  Andromedes  (other- 
wise known  as  the  Bielids)  about  oitce  in  thirteen.  The  Perseids  are 
much  more  equally  and  widely  distributed,  so  that  they  appear  io 
considerable  numbers  every  year,  and  are  not  sharply  limited  to  a. 
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particular  date,  but  are  more  or  lesa  abundant  foe  a  fortnight  in  the 
latter  part  of  July  aud  the  first  of  Ai^uat. 

The  meteors  vhich  belong  to  the  same  group  all  have  a  resemblance  to 
«aeh  other.  The  Perseida  aw  yellowish,  and  move  with  medium  veloci^. 
The  Leonids  are  veiy  swift,  for  we  meet  them  almost  directly,  and  th«y  are 
characterized  by  a  greenish  or  bluish  tint,  with  vivid  and  persistent  trains. 
The  Andromedes  are  sluggish  in  their  moTements,  because  they  simply  OTe> 
take  the  earth,  instead  of  meeting  it.  They  are  usually  decidedly  red  io 
color  and  have  only  small  trains.  About  100  "  meteoric  radiants  "  are  dow 
recognized  and  catalogued.  The  most  conspicuous  (except  those  ahetdy 
named)  are  the  following  :  —  the  Dracatiida,  January  2 ;  Lyridi,  April  30 ; 
Aqvariida  I,  May  6 ;  A  quariult  J  I,  July  28 ;  Orumid*,  October  26  (see  Art. 
787«);  GeminidJ,  December  10. 

784.  The  Kaxapil  K etwrite.  —  As  has  been  said,  during  these  showm 
no  sound  is  heard,  no  sensible  heat  perceived,  nor  do  any  masses  reach  the 
ground ;  with  the  one  exception,  however,  that  on  November  27,  1865,  a 
piece  of  meteoric  iron,  mentioned  in  the  list  given  in  ArtJcle  758,  fell  at 
Mazapil  in  Northern  Mexico  during  the  shower  of  Andromedes  which 
occurred  that  evening.  Whether  the  coincidence  is  accidental  or  not,  it  is 
interesting.  Many  high  authorities  speak  confidently  of  this  particuhu  iron 
meteor  as  being  really  a  piece  of  Bjela's  comet  itself. 

78S.  Tlie  Connwtioii  between  Comebi  and  Xeteon.  — At  the  time 
of  the  great  meteoric  ahower  of  1833,  ProfesBore  Olmsted  and 
Twining,  of  Hew  Haven,  recognised  the  fact  and  meaning  of  the 
radiant  as  pointing  to  the  existence  of  awarma  of  meteoric  particles 
revolving  in  regular  orbits  around  the  suo ;  and  Olmsted  at  the  time 
went  so  far  as  even  to  call  the  body  or  swarm  a  "  comet."  In  some 
respects,  however,  his  views  were  serionaly  wrong,  and  soon  received 
modification  and  correction  from  other  astronomers.  Erman  espe- 
cially pointed  out  that  in  some  cases,  at  least,  it  would  be  neceessiy 
to  suppose  that  the  met«ors  were  distributed  in  rings,  and  he  also 
developed  methods  by  which  the  meteorio  orbits  could  be  computed 
if  tiie  necessary  data  could  be  secured.  Olmsted  and  Twining, 
however,  were  the  first  to  show  that  the  met«ors  are  not  terrestrial 
and  atmospheric,  but  bodies  truly  cosmical. 

The  subject  was  taken  up  later  by  Professor  Newton,  of  New 
Haven,  who  in  1864  showed  by  an  examination  of  old  records  that 
there  bad  been  a  number  of  great  autumnal  meteoric  star-sboweis  at 
intervals  of  just  about  thirty-three  years,  and  he  predicted  confidently 
a  shower  for  Nov.  13-14,  1866.  As  to  the  orbit  of  the  meteorio 
body  (or  ring,  according  to  Erman's  view),  he  found  tfaat  It  might, 
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consistently  with  what  had  been  bo  far  observed,  bare  eitber  of  fivt 
different  orbito ;  one  with  a  period  of  33|  years,  two  with  periods  of 
one  year  ±  11  days,  and  two  with  periods  of  half  a  year  ±  5^  days. 
He  conaidered  rather  most  probable  the  period  of  354  days  ;.but  he 
poioted  out  th&t  the  slow  change  that  had  taken  place  in  the  annaal 
date  of  the  shower  *  would  fuToifih  the  means  of  determining  which 
of  the  orbits  was  the  tme  one. 

This  change  of  date  indicates  a  slow  motion  of  the  nodes  of  the 
orbit  of  the  meteoric  body  at  the  rate  of  about  52"  a  year.  Adama, 
of  Neptunian  fame,  made  the  laborious  calculation  of  the  effect  of 
plaaetar^'  pertnrhalions  upon  each  of  the  five  different  orbits  sug- 
gested by  Professor  Newton,  and  showed  that  the  true  orbit  must  be 
the  largest  one  which  has  a  period  of  33^  years. 
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«  UMclUed  with  Cometh 


The  meteoric  shower  occurred  in  1S66  as  predicted,*  and  was 
repeated  in  1867,  the  meteor-swarm  being  stretched  out  along  its 
orbit  for  such  a  distance  that  the  procession  is  nearly  three  years 
in  passing  any  given  point 

'  In  A.D.  902  (the  "year  of  the  etarB"  in  tbe  old  Arab  chron Idea),  the  dale 
waa  what  would  be  Oct,  19,  in  our  "  new  style  "  reckoning.  lu  1202  the  shower 
oecoired  Bve  days  later,  and  in  1&33  the  date  was  Not.  12. 

■See  note  on  page  482. 
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786.  Identifleation  of  Cometary  aad  Ketoorio  Orbits.  —The  re- 
searches  of  Newton  and  Adams  had  awakened  lively  interest  in 
the  subject,  and  Schiaparelli,  of  Milan,  a  few  weeks  after  the  Leonid 
shower,  published  a  paper  upon  the  Perseids,  or  August  meteors,  in 
which  he  brought  out  the  remarkable  fact  that  they  were  ftumng  m 
the  same  path  as  thai  of  the  bright  comet  of  1862,  knotcn  aa  TatHe't 
Comet.  Shortly  after  this  Leverrier  published  his  orbit  of  Uie 
Leonid  meteors,  derived  from  the  observed  position  of  the  radiant  in 
connection  with  the  periodic  time  assigned  by  Adams ;  and  almost 
simultaneously,  but  without  any  idea  of  a  connection  between  them, 
Oppolzer  published  bis  orbit  of  Tempel's  comet  of  1866 ;  and  the 
two  orbits  were  ttt  once  seen  to  be  practicaily  identical.  Now  a  sijiffte 
case  of  such  a  coincidence  as  that  pointed  out  by  Schiaparelli,  might 
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possibly  be  accidental,  bnt  hardly  two.  Then  five  years  later,  in 
1872,  came  the  meteoric  shower  of  the  Andromedes,  following  in  the 
track  of  Biela's  comet ;  and  among  the  more  than  one  hundred  dis- 
tinct meteor-swarms  now  recognized.  Professor  Alexander  Herschel 
finds  four  or  five  others  which  have  a  "  comet  annexed,"  so  to  speak. 
Fig.  211  represents  the  orbits  of  four  of  the  meteoric  aw&rma  which 
are  known  to  be  assodated  with  comets. 
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IDENTIFICATION  OF  COMBTABV  AND  MBTBOBIG  OBBITS.      4S1 

787.  ^  the  cases  of  the  Leonids  and  Andromedes  the  meteo>swarm 
foUcnm  the  comet.  Many  believe,  however,  that  the  comet  itself  b  simply 
the  thickest  port  of  the  swarm.  Kirkwood  and  Schiaparelli  have  both 
pointed  out  that  a  body  constituted  as  a  comet  is  supposed  to  be,  must 
almost  necessarily. break  up  in  consequence  of  the  "tide-producing"  pertui^ 
balJons  of  the  sun,  independent  of  any  repulsive  action  such  as  is  supposed 
to  be  the  cause  of  a  comet's  tail.  They  bold  that  these  meteor-swarms  are 
therefore  merely  the  product  of  a  comel'i  disintegration. 

The  longer  the  comet  has  been  in  the  system,  the  more  widely  scattered 
will  be  its  particles.  The  Perseids  are  supposed,  therefore,  to  be  old  inhab- 
itants  of  the  solar  system,  while  the  Leonids  and  Andromedes  are  compara- 
tively new-comers.  Leverrier  has  shown  that  in  the  year  a.d.  126  Tempel's 
comet  must  have  been  very  near  to  Uranus,  and  a  natural  inference  b  that 
it  was  introduced  into  the  solar  system  at  that  time.  Fig.  213  illustrates  his 
hypotbesb.  However  these  things  may  be,  it  is  now  certtun  that  the  connec- 
tion between  comets  and  met«ore  is  a  very  close  one,  though  it  can  hardly 
be  considered  certain  as  yet  that  every  scattered  group  of  meteors  is  the 
result  of  cometary  di*integralion.  We  are  not  sure  that  when  a  oometary 
mass  first  enters  the  solar  system  from  outer  space,  it  comes  in  as  a  close- 

787*.  Stationuy  Badiantl.  —  When  a  metaoric  shower  persbts  for 
days  and  even  weeks,  as  b  the  case  with  the  Perseids,  for  instance,  the  radiant 
as  a  rule  gradually  shifts  its  position  among  the  stars  on  account  of  the 
change  in  the  direction  of  the  earth's  motion  during  the  time — as  it  oi^bt 
to,  since  the  place  of  the  radiant  depends  upon  the  combination  of  the 
earth's  motion  with  that  of  the  meteors. 

But  Mr.  Denning,  of  Bristol  (England),  for  many  years  an  assiduous 
observer  of  meteors,  claims  to  have  discovered  numerous  cases  in  which  the 
radiant  of  a  long-continued  shower  remairiM  stationary;  and  he  presents  as 
typical  the  Orionids,  which  scatter  along  from  about  October  10  to  the  '24th, 
all  the  time,  according  to  hb  observations,  keeping  their  radiant  close  to  the 
star  V  Orionis.  Only  doubtful  explanations  of  such  fixity  have  yet  appeared, 
and  though  Mr.  Denning  b  perfectly  confident  of  the  genuineness  of  his 
discovery,  and  though  it  b  very  generally  accepted  as  a  fact,  some  very  high 
authoritieB,  Tisserand,  for  instance, have  questioned  it,  as  being  "incredible 
and  unaccountable." 


EXBBCI8E8   ON   CHAPTER  XIX. 

1.  If  a  compact  swarm  of  meteors  were  now  to  enter  the  system  and  be 
deflected  by  the  attraction  of  some  planet  into  an  eUiptical  orbit  around 
the  sun,  would  the  swarm  continue  to  be  compact?  If  not,  what  would  be 
the  ultimate  dbtribution  of  the  meteors? 
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2.  What  b  ths  probable  relative  a^  of  meteoric  twarms  and  meteoric 
ringt  as  memberB  of  the  solar  system? 

8.  ABaaming  that  the  eairth  encounters  twentj  million  meteon  every 

twenty-four  hours,  what  is  the  average  number  in  a  cubic  space  of  a 
thousand  mUlion  cubic  miles,  (i.e.,  a  cube  a  thousand  nileB  on  e&ch  edge)} 
An>.    About  350. 

4.  If  space  were  occupied  by  meteors  uniformly  distributed  a  huudred 
miles  apart  on  three  sets  of  lines  perpendicular  to  each  other,  how  many 
would  be  encountered  by  the  earth  in  a  day? 

Ant.   78  700000. 

Note. —In  tbia  aublcTAl  arrvngflmeiit  ths  averagi  dlBtanoe  between  tbe  meteon  much 
exceeds  100  miles.  If  they  were  packed  as  eloaely  u  pcuEble,  eoDsistently  with  the  con- 
dltioa  tbM  the  dlitanoe  between  two  uelghbon  ehoiild  nowhere  be  Use  thu  100  mlln,  Ui» 
nuaber  would  be  Inoreuad  by  oeaily  forty  per  oent. 

NOTK  TO  Abt.   TBS. 

The  shower  of  Leonids,  which  was  expected  in  November,  1809,  tailed  to 
appear.  The  preceding  year  Leonids  were  obeerred  in  considerable  numben, 
indicating  that  tiie  meteoric  swarm  was  nearing  us,  but  in  1899  very  fen  were 
seen,  though  carefully  watched  for.  The  cause  of  the  &iiliue  is  not  yet  quite 
certain ;  ii  was,  however,  probably  due  to  considerable  perturbations  of  ilw 
meteoric  orbit  during  the  past  thirty-three  years,  caused  by  tiie  action  of  the  outer 
planeta,  especially  Saturn.  It  seems  not  unlilieiy  that  the  effect  has  been  to 
shift  the  plane  of  this  orbit  so  as  to  abolish  its  former  "grade-crossuig"  with 
the  orbit  of  the  earth,  causing  the  meteors  to  pass  above  or  below  our  level. 

But  the  mathematical  dif&culties  of  the  problem  are  enormous,  owing  to  ihe 
gnmt  extent  of  the  meteoric  flock,  and  the  results  of  calculation  are  therefoie 
somewtiat  uncertidn.  It  is  quite  possible  that  we  may  yet  run  Into  the  Leonids 
a  year  or  two  later. 

IBH.  — The  possibility  Indicated  above  was  realized  on  the  mornings  of  No- 
vember 14  to  16,  both  in  1901  and  1002,  and  also  to  some  extent  in  1903.  The 
Leonids  appeared  in  considerable  numbera,  though  no  one  of  the  displays  was  »t 
all  comparable  with  the  showera  of  1866-7,  not  to  speak  of  1833.  In  1901  the 
meteora  were  viable  for  the  most  part  only  west  of  the  MisHinaippi ;  in  1902  and 
1903,  in  Europe,    Tempel's  comet,  if  it  returned  In  1900,  escaped  obBcrvoiioD. 
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CHAPTER    XX. 

THE  STABS:  THBIB  NATDRB  AUD  NUMBEB.  —  THB  CONSTEL- 
LATIONS.—  8TAR-CATAL0QUE8. —  DBSIGNATION  AND  NOMEN- 
CLATUEB.  —  PROPEB  MOTIONS  AND  THB  MOTION  OP  THB  SUN 
IN  SPACE.  —  STELLAR   PARALLAX   AND   DISTANCE. 

788.  Wb  enter  now  apon  a  vaster  subject.  Leaving  the  con- 
fines of  the  solar  system  we  cross  the  void  that  makes  an  island' 
of  the  sun's  domains,  and  enter  the  universe  of  the  stars.  The 
nearest  star,  so  far  as  we  have  yet  been  able  to  ascertain,  is  one 
whose  distance  is  more  than  250000  times  the  radius  of  the  earth's 
annual  orbit ;  so  remote  that,  seen  from  that  star,  the  sun  itself 
would  appear  only  about  as  bright  as  the  pole  star,  and  from  it  no 
telescope  ever  yet  constructed  could  render  visible  a  single  one 
of  all  the  retinue  of  planets  and  comets  that  make  up  the  solar 
system. 

789.  Katare  of  the  Stan.  —  As  shown  by  their  spectra  the  stars 
are  suns;  that  is,  they  are  bodies  comparable  in  magnitude  and  in 
physical  condition  with  our  own  sun,  shining  by  their  own  light  as 
the  sun  does,  and  emitting  a  radiance  which  in  many  cases  could 
not  be  distinguished  from  sunlight  by  any  of  its  spectroscopic 
characteristics.  Some  of  them  are  vastly  larger  and  hotter  than 
onr  sun,  others  smaller  and  cooler,  for,  as  we  shall  see,  they  differ 
enonnously  among  themselves. 

790.  Nomber  of  the  Stan.  —  The  impression  on  a  dark  night  is  of 
absolute  countlessness  ;  but,  in  fact,  the  number  visible  to  the  naked 
eye  is  very  limited,  as  one  can  easily  discover  by  taking  some  definite 
area  in  the  sky,  say  the  "  bowl  of  the  dipper,"  and  counting  the  stars 
which  he  can  see  within  it.     He  will  find  that  the  number  which  he 

>  That  tbe  solar  system  Is  thus  isolated  by  a  Butrouuding  void  is  proved  by 
the  ftlmosC  unduturbed  moremeuta  of  Uranus  and  Neptune ;  for  their  peitur- 
balions  would  betray  the  presence  of  any  body,  at  all  comparable  with  tiie  sun 
iu  magnitude,  within  a  distance  a  thousand  iJmes  as  great  as  that  between  the 
eutb  and  odd. 
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can  fairW  conot  is  snrpriaingly  sinall,  thoti^  by  averted  vision  he  wiD 
get  uncertain  glimpses  oC  mauy  more.  la  the  whole  celestial  sphere 
the  number  bright  enough  to  be  visible  to  the  oaked  eye  is  only  from 
6000  to  7000  in  a.  clear,  moonless  sky.  A  little  haze  or  moonlight 
cuts  out  fully  half  of  them,  and  of  course  tiiere  is  a  great  difference 
in  eyes.  But  the  sharpest  eyes  could  probably  never  fairly  see  more 
than  2000  or  3000  at  one  time,  since  near  the  horizon  the  smaller  stare 
are  invisible,  and  they  are  immensely  the  most  numerous,  fully  half 
of  the  whole  number  being  those  which  are  just  on  the  verge  of  visi- 
bility. The  tolal  number  that  can  be  teen  well  enotigh  for  observation 
wiih  such  instruments  as  loere  used  before  the  invention  of  the  telescope 
ia  not  quite  1100. 

With  even  a  small  telescope  the  number  is  enormously'  increased. 
A  mere  opera-glass  an  inch  and  a  half  in  diameter  brings  out  at  least 
100,000.  The  telescope  with  which  Ai^elunder  made  his  Du7-chmu»- 
tentng  of  more  than  SOO.OOO  stars  —  all  north  of  the  celestial  equator 
— had  a  diameter  of  only  two  inches  and  a  hair.  The  number  visible 
in  the  great  Lick '  telescope  of  three  feet  diameter  is  probably  nearly 
100,000000. 

781.  Coutellationi.  —In  andent  times  the  stars  were  grouped  by 
"oonatellations,"  or  "  asterisms,"  partly  as  a  matter  of  convenient 
reference  and  partly  as  superstition.  Many  of  the  constellation  a  now 
recognized,  — all  of  tliose  in  the  zodiac  and  those  about  the  northern 
pole,  —  are  of  prehistoric  antiquity.  To  these  groups  were  given  fand- 
fnl  names,  mostly  of  persons  or  objects  conspicuous  in  the  mythological 
records  of  antiquity  ;  a  great  number  of  them  are  connected  in  som6 
way  or  other  with  the  Argonautic  expedition. 

In  some  cases  the  eye  can  trace  in  the  arrangement  of  the  stars  a  vague 
resemblance  to  the  object  which  gives  name  to  the  constellation ;  but  gener> 
ally  no  reason  can  be  assigned  why  the  constellation  should  be  so  named  or 
so  bounded.  Of  the  sixty-seven  constellations  now  usually  lecognized  on 
celestial  globes,  forty-eight  have  coma  down  from  Ptolemj,  The  others 
have  been  formed  by  Hevslius,  Bayer,  Royer,  and  one  or  two  other  astron. 
omers,  to  embrace  stars  not  included  in  Ptolemy's  constellations,  and  espe- 
cially to  furnish  a  nomenclature  for  the  stars  never  seen  by  Ptolemy  on 
account  of  their  nearness  to  the  southern  pole.     A  considerable  number  of 

'  Neglecting  the  loss  of  light  in  the  lenset,  the  Lick  telescope  ought,  theoreti- 
cally, to  show  Stan  lo  faint  that  it  vould  talce  more  than  30,000  of  tliem  to  msk* 
a  star  equal  to  the  famlest  thai  on  be  seen  with  the  naked  eye,     (See  Art  36.) 
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other  conBtellationB,  Thich  hsre  been  tentatively  established  at  Tariooa 
times,  and  are  someCimeB  found  on  globee  and  stai-maps,  have  been  given 
np  as  neelese  and  impertinent. 

7S2.  We  present  a  list  of  the  coDBt«llatioDB,  omitting,  however,  soma 
of  the  modem  ones  which  are  now  not  usually  recognized  by  astronomers. 
The  constellations  are  arranged  both  vertically  and  horizontally.  The  order 
in  the  vertical  columns  is  determined  by  right  aBcenaton,  as  indicated  by 
the  Roman  numbers  at  the  left.  Horizontally  the  arrangement  is  according 
to  distance  from  the  north  pole,  as  shown  by  the  headings  of  the  columns. 
The  number  appended  to  each  constellation  gives  the  number  of  stars  it 
contiuns,  down  to  and  including  the  8th  magnitude.  Tlie  zodiacal  constel- 
lations are  italicized,  and  the  modem  constellations  are  marked  by  an 
asterisk. 

The  different  gronpa  of  congtellationB  are  found  near  the  meridian  at 
half-past  eight  o'clock,  p.m.,  ou  the  dates  indicated  below. 

Group  (I.,  II.),  Dec.  1.    These  constellations  contain  no  first-m^nitnde 

stars,  bnt  Cassiopeia,  Andromeda,  Aries,  and  Cetus  include  enough 

stars  of  the  second  and  third  magnitude  to  be  fairly  conspicuous. 
Group  (in.,  IV.),  Jan.  1.     Ferseos  north  of  the  zanith,  and  the  Pleiades 

and  Aldebaran  in  Taurus,  are  characteristic. 
Group  (V.,  VI.),  Feb.  1.    On  the  whole  this  is  the  most  brilliant  region 

of  the  sky  and  Orion  the  finest  constellation. 
Group  (VII.,  Vin.),  March  1.    Characterized  by  Procyon  and  Sirins,  the 

latter  incomparably  the  brightest  of  all  the  fixed  stars. 
Group  (IX.,  X.),  April  1.     Leo  is  the  only  conapicuous  constellation. 
Group  (XI.,  XII.),  May  1.    A  barren  r^;ion,  except  for  Ursa  Major  north 

of  the  zenith. 
Group  (Xm.,  XIV.),  June  1.    Marked  by  Arctums,  the  brightest  of  the 

northern  Hters,  with  the  paler  Spica  south  of  the  equator. 
Group  (XV.,  XVI.),  July  1.     The  Northern  Crown  and  Hercules  are  the 

most  characteristic  confignrations. 
Group  (XVII.,  XVIIt.),  Aug.  1.     Vega  is  nearly  overhead,  and  the  red 

Antares  low  down  m  the  south,  with  Alt^r  near  the  eqaator,  just 

east  of  Ophiuchus. 
Group  (XIX.,  XX.),  Sept.  1.    Cygnus  b  in  the  zenith,  sod  Sagittarius 

low  down,  while  iho  brightest  part  of  the  Milky  Way  lies  athwart 

the  meridian. 
&T>up  (XXI.,  XXII.),  Oct.  1.     A  barren  region,  relieved  only  by  the 

bright  star  Foinalhaut  of  the  Southern  Fish  near  the  southern 

horizon. 
Group  (XXin.,  XXIV.),  Nov.  1.    This  region  also  is  rather  barren, 

though  the  "  great  square  "  of  Pegasus  is  a  notable  configuration 

of  Stan. 
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793.  A  thorough  knowledge  of  these  artificial  groups,  and  of  the 
names  and  locations  of  the  stars  in  them,  is  not  at  all  essential,  even 
to  an  accomplished  astronomer  ;  but  it  is  a  matter  of  very  great  con- 
venience to  know  the  principal  constellations,  and  perhaps  a.  hundred 
of  the  brightest  stars,  well  enough  to  be  able  to  recognize  them 
readily  and  to  use  them  as  points  of  reference.  This  amount  of 
knowledge  is  easily  acquired  by  three  or  four  evenings'  study  of 
the  sky  in  connection  with  a  good  star-map  or  celestial  globe,  taking 
care  to  observe  on  evenings  at  different  seasons  of  the  year,  so  as  to 
command  the  whole  sky. 

At  present  the  beat  atar-atlas  for  reference  ia  probftbly  that  of  Klein. 
The  maps  of  Argelauder'a  "  Uranometria  Nova  "  and  Heia's  atlas  (both  in 
German)  are  handsomer,  and  for  some  parpoaea  more  convenient.  There 
are  many  others,  also,  which  are  excellent.  The  smaller  maps  which  are 
found  in  the  testrbooks  on  astronomy  are  not  on  a  scale  sufficiently  lai^  to 
be  of  much  scieDtific  use,  though  they  answer  well  enough  the  purpose  of 
introducing  the  student  to  the  principal  atar-groups.  A  new  and  excellent 
atlas  by  Upton  has  recently  been  published  by  Ginn  &  Co. 

7M.  Deaignatio&  of  Bright  8tan.  —  (a)  iPames.  Some  fifty  ot 
sixty  of  the  brighter  stars  have  names  of  their  own  in  common  use. 
A  majority  of  (he  names  belonging  to  stars  of  the  first  magnitude  are 
of  Greek  or  Latin  origin,  and  significant,  ss,  for  instance,  Arcturus, 
SiriuB,  Frocyon,  Regulus,  etc.  Some  of  the  brightest  stars,  however, 
have  Arabic  names,  as  Aldebaran,  Vega,  and  Betelgense,  and  the 
names  of  most  of  tbe  smaller  stars  are  Arabic,  when  they  have  names 
at  alt. 

(P)  Jtace  in  C<ynMellation.  Spica  is  the  star  in  the  handful  of 
wheat  carried  by  Virgo ;  Cynosure  signifies  the  star  at  the  end  of  the 
Dog's  Tail  (in  ancient  times  the  constellatioa  we  now  call  Ursa 
Minor  aeems  to  have  been  a  dog) ;  Capella  is  the  goat  which 
Auriga,  the  charioteer,  carries  in  his  arms.  Hipparchus,  Ptolemy, 
and,  in  fact,  all  the  older  astronomers,  including  Tycho  Brabe,  used 
this  clumsy  method  almost  entirely  in  destgnatsng  particular  stars; 
speaking,  for  instance,  of  the  star  in  the  "  bead  of  Hercules,"  or  in 
the  "  right  knee  of  Bofites,"  and  so  on. 

(c)  CojuAeUaiion  and  Letters.  In  1603Bayer,  in  publishing  a  new 
Btar-map,  adopted  the  excellent  plan,  ever  since  in  vogue,  of  designat- 
ing the  stars  in  the  different  constellations  by  the  letters  of  the  Greek 
alphabet,  assigned  usually  in  order  of  brightness.     Thus  Aldebaran  is 
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«  Taari,  the  next  brightest  atar  in  the  cooBtellation  Is  p  Tauri,  and 
ao  on,  as  long  as  the  Grreek  letters  hold  out ;  then  the  Boman  letters 
are  used  as  long  as  the;  last ;  and  finally,  whenever  it  is  found  necee- 
Bsrj,  we  use  the  numbers  which  Flamsteed  assigned  a  century  later. 
At  present  every  naked-eye  star  can  be  referred  to  and  identified  by 
some  letter  or  number  in  the  eonatcllation  to  which  it  belongs. 

(d)  Current  Number  in  a  Star-Catalogue.  Of  course  all  the  above 
methods  fail  for  the  hundreds  of  thousands  of  smaller  stars.  Id  their 
case  it  is  usual  to  refer  to  them  as  number  so-and-so  of  some  well- 
known  star-catalogue;  as,  for  iostance,  22,500  LI.  (Lalande),  or 
!2573  B.  A.  C.  (Britieh  Association  Catalogue) .  At  present  our  various 
Btar-catali^ues  contain  from  600,000  to  800,000  stars,  so  that,  except 
tn  the  Milky  Way,  almost  any  star  visible  in  a  telescope  of  two  or 
three  inches'  aperture  can  be  identified  and  referred  to  by  means  of 
some  star-catalogue  or  other. 

Synonyms.  Of  c-ourse  all  the  brighter  stars  which  have  names  have 
also  letters,  and  arc  sure  to  be  included  in  every  star-catal<^e  which 
covers  their  part  of  the  sky.  A  given  star,  therefore,  lias  often  a 
large  number  of  aliases,  and  in  dealing  with  the  smaller  stars  great 
pains  must  be  taken  to  avoid  mistakes  arising  from  this  cause. 

STARr^ATALOGUES. 
765.  These  are  lists  of  stars  arranged  in  regular  order  (at  present 
usually  in  order  of  right  ascension) ,  and  giving  the  places  of  the  stars 
at  some  given  epoch,  either  by  means  of  their  right  ascensions  and 
declinations,  or  by  their  (celestial)  latitudes  and  longitudes.  The 
so-called  "  magnitude,"  or  brightness  of  the  star,  is  also  ordinarily 
indicated.  The  first  of  these  star-catalogues  was  that  of  Uipparcbua, 
containing  1080  stars  (all  that  are  easily  visible  and  meaeurable  by 
naked-eye  instruments),  and  giving  their  longitudes  and  latitudes  for 
the  epoch  of  126  B.C. 

This  catalogue  has  been  preserved  for  ns  by  Ptolemy  in  the  Almagest, 
and  from  it  he  formed  his  own  catalogue,  reducing  the  positions  of  the 
stars  (i.e.,  correcting  for  precession  the  positions  {^ven  by  Hipparchus)  to 
his  own  epoch,  about  150  a.d.  '  The  next  of  the  old  catalogues  of  any  value 
is  that  of  Ulugh  Beigh  made  at  Samarcand  about  1450  a.d.  This  appean 
to  have  been  formed  from  independent  observations.  It  was  followed  in 
1580  by  the  catalogue  of  Tycho  Brahe  cont^ning  1005  stars,  the  last  which 
was  constructed  before  the  invention  of  the  telescope. 

Tlie  modern  catalogues  are  numerous.  Some  give  the  places  of  a  great 
number  of  stars  rather  roughly,  merely  as  a  means  of  identifying  them  when 
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used  for  oometaT;  obBeimtionB  or  other  similar  pnrposes.  To  this  olaae 
belongs  Argelander'e  Durchmuilerunff  of  the  northern  heavene,  which  con- 
tains over  324000  stars,  —  the  largest  number  in  anj  one  catalogue  thus  far 
published.  This  has  since  been  Buppleroented  by  Schoenfeld's  sonthem 
Durchmuslerung  on  a  similar  plan.  Then  there  are  the  *<  catalogues  of  pre- 
ciMton,"  like  the  Pulkoira  and  Greenwich  catalogues,  which  give  the  places 
of  ft  few  hundred  stars  as  accurately  as  possible  in  order  to  fnrnish  "funda- 
mental stars,"  or  reference  points  in  the  sky.  The  so-called  "Zones"  of 
Bessel,  Argelander,  Gonld  and  many  others,  are  catalogues  covering  liaiit«d 
portions  of  the  heavens,  containing  stars  arranged  in  zones  about  a  degree 
wide  in  declination,  and  running  some  hours  in  right  ascension.  An  immense 
cooperative  catalogue  is  now  in  procera  of  publication  under  the  auspices  of 
the  German  Astronomische  Gesellschaft,  and  will  contain  accurate  places  of 
all  stars  above  the  Oth  m^nitude  north  of  15°  south  declination.  The  ob- 
servations are  practically  completed,  and  most  of  the  "  parts  "  have  already 
appeared.     (See  also  Art.  796.) 

I 

796.  DetermuLatioii  of  Stai-Plaoei.  —  The  observations  from  which 
a  star-catalogue  is  constracted  are  usually  made  with  the  meridian 
circle  (Art.  63).  For  the  catalogues  of  preciaioa,  comparatively  few 
stars  are  observed,  but  all  with  the  utmost  care  and  during  several 
years,  taking  all  possible  means  to  eliminate  instrumental  and  obser- 
vational errors  of  every  sort. 

In  the  more  extensive  catalt^ues  most  of  the  stars  are  observed  only 
once  or  twice,  and  everything  is  made  to  depend  upon  the  accnraoy 
of  the  places  of  the  fundamental  stars,  which  are  assumed  as  correct. 
The  instrument  iu  this  case  is  used  only  "  differentially  "  to  measure 
the  comparatively  small  differences  between  the  right  asceusioo  and 
declination  of  the  fundamental  stars  and  those  of  the  stars  to  be  cata- 
logued. 

797.  Xethod  of  wng  &  Catalogne.  — The  catalogne  contains  tiio 
mean  right  ascension  and  declination  of  its  stars  for  the  beginning 
of  some  given  year;  i.e.,  the  right  ascension  and  declination  the  star 
would  haxx  at  that  time  if  there  were  do  aberration  of  light  and  no 
irregular  motion  of  the  celestial  pole  to  affect  the  [>osi^OD  of  the 
equator  and  equinox.  To  determine  the  actual  appareiU  right  ascen* 
sion  and  declination  of  a  star  for  a  given  date  (which  is  what  we 
want  in  practice),  the  catalogue  place  must  be  ^'' reAw^ed"  to  the 
date  in  qneslJOD;  i.e.,  it  must  be  corrected  for  precession,  nutation, 
and  aberration. 

The  operation  with  modem  tables  and  formnke  is  not  a  very  tedious  one, 
involving  perhaps  five  minutes'  work,  but  without  it  the  catalogue  places  are 
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Flo.  Zt3.— The  Pbolographlo  TelMoove  ot  the  Hentr  Brothen,  Paiii. 
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useless  for  moat  pnTposes.  Vice  vena,  the  observatioDS  of  a  fixed  star  with 
the  meridiao  circle  do  not  givp  its  mean  right  ascensioii  and  declination 
ready  to  go  into  the  catalogue,  but  the  observations  must  be  reduced  from 
apparent  place  to  mean  before  thej  can  be  tabulated. 

788.  fitar-Cbarta.  —  For  many  purposes  charts  of  the  staxs  are 
more  coDTenient  than  a  catalogue,  as,  for  instaDce,  in  searching  for 
new  planets.  The  old-fashioned  way  of  making  such  charts  was  by 
plotting  the  results  of  zone  observations.  The  modern  way,  intro- 
duced within  the  last  few  years,  is  to  do  it  by  photography,  the 
cardinal  advantages  being  two:  first,  that  in  this  way  a  great 
nomber  of  stars  can  be  automatically  and  permanently  registered 
at  one  operation,  and  afterwards  studied  and  measured  at  leisure ; 
second,  that  by  a  sulGcieut  prolougation  of  the  exposure  stars  far 
too  faint  to  be  seen  by  the  telescope  used  can  be  made  to  impress 
themselves  upon  the  plate.  The  plan  decided  upon  at  the  Paris 
AstroDomical  Congress  in  18S7  contemplates  the  photographing 
of  the  whole  sky  upon  glass  plates  about  eight  inches  square,  each 
covering  an  area  of  2°  square  (four  square  degrees),  showing  all  stars 
down  to  the  fourteenth  magnitude.  The  enterprise  is  now  (1908)  well 
advanced,  fully  three-quarters  of  the  negatives  having  been  already 
made.  Fourteen  different  observatories  hare  cooperated  in  the 
work,  only  one  of  them,  however,  in  America, — the  Mexican  National 
Observatory  at  Chepultepec. 

Tha  figure  (Fig.  213)  is  a  representation  of  the  Paris  instrument  of  the 
Henry  Brothers,  which  was  adopted  as  the  typical  instrument  for  the  opera- 
tion. It  has  an  aperture  of  about  fourteen  inches,  and  a  length  of  about 
eleven  feet,  the  object-glass  being  specially  corrected  for  the  photographic 
rays.  A  9-inch  visual  telescope  is  enclosed  in  the  same  tube  so  that  the 
observer  can  watch  the  position  of  the  instrument  during  the  whole 
t^ration. 

The  other  instruments  differ  in  mechanical  arrangements,  but  all  have 
lenses  of  the  same  aperture  and  focal  length,  the  scale  of  all  the  negatives 
being  1'  to  a  millimetre, — the  same  as  that  of  Ai^lander's  charts. 

It  was  originally  planned  to  give  each  plate  20  minutes'  exposure,  but 
improvemente  in  the  photographic  plates  since  the  meeting  of  the  Congress 
now  make  it  possible  to  cut  down  the  time  very  mBterially.  It  will  require 
about  11000  plates  of  the  size  named  to  cover  the  whole  sky,  and  as  each 
Star  is  to  appear  on  two  plates  at  least,  the  whole  number  of  plates,  allowing 
for  overlaps,  will  be  about  22000.  As  every  plate  will  conttun  upon  it  a 
number  of  well-determined  catalogue  stars,  it  will  furnish  the  means  of 
determining  accurately,  whenever  needed,  the  place  of  any  other  star  wliich 
appears  upon  the  same  plate. 
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The  pUcea  of  all  stan  above  the  twelfth  magnitade  are  to  be  carefully 
meacured  upon  the  plates,  and  will  fumiah  an  enormoiis  catalogue,  conluning 

at  least  2  000000  Btaia. 

798*.  Several  other  very  large  photc^raphic  telescopes  bave 
recently  been  constructed.,  The  Bruce  telescope  (presented  to  the 
Harvard  College  Observatory  by  Mies  Bruce  of  New  York)  has  a 
four-lens  objective  two  feet  in  diameter,  but  with  a  focal  length  of 
only  11  feet,  the  same  as  those  mentioDed  above ;  eo  that  its  nega- 
tives will  be  on  the  same  scale. 

It  has  been  sent  to  Arequipa  (Peru),  where  it  is  now  employed  in 
the  photography  (and  spectroscopy)  of  the  southern  heavens.  The 
new  photographic  telescope  at  Greenwich  has  the  same  aperture, 
but  is  much  longer ;  and  an  instrument  similar  to  it  has  been  re- 
cently mounted  at  the  Cape  of  Good  Hope.  Both  have  visual  "  find- 
ers "  18  inches  in  diameter.  The  enormous  instrument  at  Meudon 
(near  Paris)  has  also  two  telescopes  combined, —  a  visual  telescope 
of  32  inches  aperture,  and  a  photographic  of  25  inches,  each  56  feet 
focal  length.  But  these  long-focus  instruments  will  be  used  mainly 
for  other  purposes  than  charting.  A  huge  instrument  of  31^  inches 
aperture  has  still  more  recently  (1899)  been  mounted  at  Potsdam. 

STAR   MOTIONS. 

799.  The  stars  are  ordinarily  called  "fixed,"  in  distinction  from 
the  planets  or  "  vKi7i4erera,"  because  as  compared  with  the  sun  and 
moon  and  planets  they  have  no  evident  motion,  but  keep  their  relative 
positions  and  configurations  unchanged.  Observations  made  at  suffi- 
ciently wide  intervals  of  time,  and  observations  with  the  spectroscope, 
show,  however,  that  they  are  really  moving,  and  that  with  velocities 
which  are  comparable  to  the  motion  of  the  earth  in  her  orbit. 

If  we  compare  the  right  ascension  and  declination  of  a  star  dete^ 
mined  to-day  with  that  determined  a  hundred  years  ago,  they  will 
be  found  different.  The  difference  is  matnli/  due  to  precession  and 
nutation,  which  are  not  motions  of  the  stars  at  all,  bat  simply 
changes  in  the  position  of  the  reference  circles  used,  and  due  to 
alterations  in  the  direction  of  the  earth's  axis  (Arts.  205  and  214). 
Aberration  also  comes  in,  and  this  also  is  not-a  real  motion  of  Uie 
stars,  but  only  an  apparent  one. 

800.  Proper  Xotiona. — But  after  allowing  for  all  these  apparent 
and  eommm  motions,  which  depend  upon  the  stars'  places  in  the 
sky,  and  are  sensibly  the  same  for  all  stars  in  the  same  telescopic 
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field  of  view,  whatever  may  be  their  real  distance  from  us,  we  find 
that  most  of  the  larger  stars  have  a  '^proper  motion  "  of  their  own 
("  proper  "  as  opposed  to  "  cammon  "),  which  displaces  them  slightly 
with  reference  to  the  stars  about  them.  There  are  only  a  few  stars 
for  which  this  proper  motion  amounts  to  as  much  as  1"  a  year ;  per- 
haps 150  sach  stars  are  now  known,  but  the  number  is  constantly  in- 
creasing, as  more  and  more  of  the  smaller  stars  come  to  be  accurately 
observed. 

The  maximum  proper  motion  at  present  known  (detected  in  1898) 
is  that  of  the  8th  mc^nitude  star  No.  243  of  the  "  Fifth  hour  "  in 
the  Cordoba  Zone-Catalogue.  It  has  an  apparent  drift  of  8".7  annu- 
ally,— enough  to  carry  it  360°  in  149000  years.  The  next  largest 
known  proper  motions  are  the  following ;  — - 


1830,  Groombrldgo,  Tth  mag.,  7".0 

.Indl, 

5th  mag.,  4". 6 

9362,  Lacaille,           7th    ■'      6".9 

Lalande  21268 

8th    "      V'.i 

S2416,  Gonld,            9th    "      6".2 

0)  Eridani 

6th    "      i"A 

61  Cygni,                  6th    "      5".2 

MCaMiopelai, 

6th     "      3",  8 

Lalande  21186            7th     "      1".7 

aCentauri, 

Irt     "      3".7 

The  proper  motions  of  Arcturus  (2".l),  and  of  Sirius  (l"i2), 
are  considered  "large,"  but  are  exceeded  by  a  considerable  num- 
ber of  stars  besides  those  given  above.  Since  the  time  of  Ptolemy, 
Arcturus  has  moved  more  than  a  degree,  and  Sirius  about  half  as 
much.     These  motions  were  first  detected  by  Halley  in  1718. 

It  is  found,  as  might  he  expected,  that  the  brighter  stars,  which  as 
a  class  are  presumably  nearer  than  the  fainter  ones,  have  on  the 
average  a  greater  proper  motion ;  on  the  average  only,  however,  as 
is  evident  from  the  list  given  above.  Many  smaller  stars  have  larger 
proper  motions  than  any  bright  one,  for  there  are  more  of  them. 

The  average  proper  motion  of  the  first  magnitude  stars  is  about 
^"  annually,  and  that  of  the  sixth  magnitude  stars, — the  smallest 
visible  to  the  naked  eye,  —  is  about  ^". 

801.  Real  Xotioni  of  Stara. — The  proper  motion  of  a  star  gives 
comparatively  little  information 
as  to  its  real  motion  until  we  know 
the  distance  of  the  star  and  the 
true  direction  of  the  motion,  since 
this  "  proper  motion "  as  deter- 
mined from  the  star-eataloguea  is 
only  the  angular  value  of  that  part 


Fio.  214. 
ComponeuU  of  ■  Star't  Proper  MoHon. 

r  component  of  the  star's  whole  motion  which  is  perpendicular  ti 
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the  ItTte  of»ight,  as  is  clear  from  the  figure.  When  the  star  really 
mores  from  AiaB  (Fig.  214),  it  will  appear,  as  seen  from  the  earth, 
to  have  moved  from  A\x>b.  The  angular  value  of  Ab  as  seen  from 
the  earth  is  the  "  proper  motion  "  (usually  denoted  by  n).  Expressed 
in  Becouds  of  arc,  we  have 

/'  =  206266(':7T-^^Y 
■^  \di8taneey 

A  body  moving  directly  towards  or  from  the  earth  haa  no  "proper 
motion  "  at  all,  speaking  technically,  —  none  that  can  be  obtained 
from  the  comparison  of  star-catalogues. 

Since  Ah  in  miles  ^  *— 


the  proper  motion  cannot  be  translated  into  miles  without  a  knowl- 
edge of  the  star's  distance,  and  at  present  we  know  the  distance  in 
only  a  very  tew  cases  ;  nor  can  the  true  motion  AB  be  found  until 
we  also  know  either  the  angle  BAE  or  else  Aa,  the  "motwyn  in  the 
line  of  sight,"  or  "radial  motion,"  which,  as  we  shall  see  in  the  next 
article,  is  determined  by  spectroscopic  observations. 

But  since  AB  ia  neceaaarilj  greater  than  Ah,  it  ia  possible  in  some  cases 
to  determine  B  minor  liznit  of  velocity,  which  must  certainly  bo  oicoeded  by 
the  star.  In  the  case  of  1830,  Groombridge,  for  instance,  its  distance  ia 
probably  about  1  500000  times  the  earth's  distance  from  the  sun.  Now 
at  that  distance  the  observed  proper  motion  of  7"  a  year  would  correspond 
to  an  actual  velocity  >  along  the  line  Ab  of  about  150  miles  a  second,  and 
this  is  not  its  whole  motion.  According  to  Campbell  the  star  is  also  mov- 
ing towards  us  with  a  velocity  of  about  60  miles  a  second. 

In  the  case  of  61  Cygni  we  know  the  distance  to  be  just  about  500000 
times  that  of  the  earth  from  the  sun,  and  its  proper  motion  of  5"J  annually 
corresponds  therefore  to  a  distance  Ab  of  about  1200  million  mites,  and  a 
velocity  of  about  88  miles  a  second,  —  not  quite  twice  the  orbital  velocity 
of  the  earth.  We  shall  see  in  the  next  articles  how  the  velocity  Aa  can  be 
determined.  For  61  Cygni  it  has  recently  been  measured  by  Belopolsky 
and  is  found  to  be  about  34.6  mUes  towards  us.  The  entire  velocity,  there- 
fore, along  AB  is  about  61  miles  (referred  to  the  suo  as  the  origin  of 
measures).  If  we  accept  the  parallax  of  the  star  C.  Z.,  V.,  243,  aa  0".30, 
according  to  the  determination  of  Gill,  we  find  that  its  annual  drift  of  8".7 
corresponds  to  a  velocity  of  about  85  miles  a  second,  which  ia  much  less 
than  that  of  1830  Groombridge. 

>  Wlien  the  "parallax"  of  a  slar  (Art.  808)  is  known,  this  "UiwartwlEe 
Telocity,"  or  "cross-motion,"  is  given  in  miles  per  second  by  the  formula 
%  =  2.944  X  -,  ft  and  p  being  respectively  the  proper  motion  and  parallax. 
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808.  "Hotioii  in  the  Line  ol  Bight"  or  "Sadial  Veloei^."*  — 
The  comparison  of  star-catalogueB  furnishes  no  information  as  to 
the  motion  of  stars  towards  or  from  us,  but  when  a  star  is  bright 
enough  to  give  an  observable  spectrum  we  can  ascertain  the  rate  of 
its  approach  or  recession  (Aa  in  the  figure)  by  means  of  the  spectro- 
scope. If  its  distance  is  increasing,  then  (Art.  S21)  its  lines  will 
be  shifted  towards  the  red,  and  towards  the  blue  if  it  is  coming 
nearer.  The  shift  is  ascertained  by  arranging  the  telespectroscope 
(Art.  313)  80  that  in  some  way,  by  a  "comparison-prism"  or  other- 
wise, the  observer  shall  have  close  together,  or  superposed,  the 
spectrum  of  the  star  he  is  dealing  with  and  also  that  of  some  sub- 
stance (say  hydrogen  or  iron)  whose  lines  are  present  in  the  star- 
spectrum  :  he  can  then  appreciate  and  measure  any  displacement  of 
the  stellar  lines.  Sir  William  Huggina  in  1867  was  the  first  to 
apply  this  method,  and  obtained  some  very  interesting  results,  quite 
sufficient  to  establish  its  feasibility,  although  from  the  insufficient 
power  of  his  instruments  they  can  now  be  regarded  only  as  first 
approximations.  The  work  has  since  been  followed  up  for  several 
years  at  Greenwich  and  some  other  places ;  but  so  long  as  visual 
observations  were  depended  upon  the  results  were  not  very  satis- 
factory. Observations  of  this  kind  are  extremely  difficult.  The 
star-spectra  are  faint  at  best,  the  displacements  of  the  lines  very 
minute,  and  the  lines  themselves  often  broad  and  hazy,  and  ill 
adapted  for  accurate  measurement ;  so  that  the  individual  results 
foT  a  single  star  are  apt  to  be  mournfully  at  variance  with  each  other. 
In  the  case  of  the  nebulEe,  however,  which  give  spectra  containing 
sharp  bright  lines,  the  Lick  observers  have  made  visual  observations 
which  fairly  compete  with  photographic  in  accuracy. 

808*.  Bpectrographio  Determination  of  Badial  Telocity.  —  The 
unsatisfactory  results  of  visual  observations  led  Vogel  in  1S8S  to 
apply  photography,  and  with-^eat  success.  In  this  case  the  diffi- 
culties arising  from  the  faintness  of  the  star-spectra  can  be  largely 
overcome  by  prolonged  exposure,  and  the  necessary  measurements 
can  be  made  upon  the  negatives  at  leisure.  The  little  cut  (Fig.  215) 
shows  how  on  a  negative  of  the  spectrum  of  fi  Orionis  (Bigel)  the 
recession  of  the  star  is  shown  by  the  displacement  of  a  line  in  its 
spectrum  towards  the  red,  when  compared  with  the  corresponding 

*  We  shall  hereafter  follow  the  French  osage  in  employing  the  term  "  Radial 
Veloclly"  IViUtte  Radiale)  to  denote  the  rate  at  which  a  body  is  changing  its 
distance  from  the  observer,  i.e.,  advancing  or  receding.  The  equivalent  ezpre»- 
don,  "  Motion  in  Line  of  Sight,"  is  rather  clumsy. 
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bright  line  (black  in  the  negative)  of  hydrogen.  Fig.  216*  (borrowed 
hy  permiBsion  from  Frost's  translation  of  Scheiner'a  Astronomical 
Spectroscopy)  shows  the  actual  appear- 
ance of  part  of  the  spectnun  of  a  Aurigs 
and  the  corresponding  part  of  the  solar 
spectrum,  as  seen  under  the  microscope 
with  which  the  measurements  are  made. 
The  soiai  spectrum  is  of  course  on  a 
trams ortoni,.  separate  pUte,  but  this  plate  and  the 

Btar-negatiye  are  clamped  together  so  as  to  make  the  lines  corre- 
spond, and  facilitate  the  identification  of  the  star-lines.  The  sharp 
black  line  that  crosses  the  narrow  stai-spectrmn  is  the  Hydn^n  j 
line  in  the  spectrum  of  a  Geissler  tube  placed  in  the  cone  of  lays 
some  two  feet  above  the  slit-plate,  and  illuminated  by  electricity  for 


a  few  seconds  at  rariouB  times  during  the  loog  exposure  (an  hour 
or  so)  which  is  required  for  the  star-spectrum.  One  sees  easily  that 
in  this  case  the  star-line  is  shifted  a  little  to  the  right ;  but  the  line 
appears  to  be  so  poorly  defined  that  accurate  measurement  would  be 
difficult ;  for  the  methods  by  which  the  diflBculty  is  overcome,  and 
for  the  corrections  required  on  account  of  the  orbital  motion  of  the 
earth  and  other  canses,  the  reader  is  referred  to  Uie  book  from  which 
the  fignre  is  taken.     It  is  found  that  the  probable  error  of  the 
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radial  velocity  of  a  star  as  deduced  from  the  Potsdam  photograpliB 
seldom  exceeds  a  mile  a  second,  and  is  usually  much  less. 

The  large  engraving,  Fig.  216,  is  from  a  photograph  of  the 
Potsdam  "  Spectrograph,"  as  the  photographic  spectroscope  is  called. 
It  is  taken  from  the  same  source  as  the  preceding  figure. 

Obeeirations  made  by  Humphreys  and  Mohler  of  Baltimore  in  1895  appear 
to  show  that  under  heavy  pressures  the  spectrum-lines  of  many  elements 
thi/i  »Ughtly  towards  the  red,  just  s8  if  the  tumiaouB  object  were  receding. 
The  shift  is  different  for  different  substances,  but  ia  always  minnte,  never, 
even  under  pressures  of  ten  or  twelve  atmospheres,  exceeding  the  displace- 
nient  that  would  be  due  to  a  receding  velocity  of  one  or  two  miles  a  second. 
Still,  it  is  quite  sufficient  to  require  to  be  examined  and  taken  into  account 
in  all  applications  of  Dopplar's  principle. 

Table  VII.  of  the  Appendix  presents  Vogel'B  results  for  the  51  stare  thst 
he  had  been  able  to  deal  with  up  to  18&2.  His  telescope  (siuce  replaced  by 
a  much  larger  one)  had  an  aperture  of  only  eleven  inches,  which  limited 
him  to  the  brightest  stars.  The  maximum  velocity  indicated  by  his  obser- 
vations is  that  of  0,  Tauri,  30.1  miles  a  second,  receding.  The  next  in  order 
is  that  of  y  Leonis,  24.1  miles,  approaching,  B^lopolsky,  at  Pulkowa,  has 
since  found  for  (  Herculis  the  still  higher  velocity  of  43.8  miles, — also 
approaching.^  Investigations  of  this  nature  are  now  (190S)  successfully 
prosecuted  by  several  other  observers,  prominent  among  whom  are  B^to- 
polsky  at  St.  Petersburg,  and  Campbell  and  Frost  at  the  Lick  aud  Yerhes 
observatories.  The  number  of  stars  whose  radial  velocity  has  been  thus 
determined  is  about  200,  and  the  "probable  error  "has  beeu  reduced  to 
about  a  quarter  of  a  mile.  \ 

803.  Star-Groupi.  —  Star-atlases  hare  been  constructed  by  Proc- 
tor and  Ftammarion,  which  show  by  arrows  the  direction  and  rate 
of  the  angular  proper  motion  of  the  stars  as  far  as  now  known.     A 


Fie.  tn.  —  CommOD  Pro|>er  Motions  of  Stan  In  the  "  Dipper  "  ot  Una  Major. 

moment's  inspection  shows  that  in  many  o^es  stars  in  the  same 
neighborhood  have  a  proper  motion  nearly  the  same  in  direction  and 
in  amount. 

■  Campbell  finds  for  d  Cephei  a  radial  velocity  ot  64  miles,  and  for  /i  Cssno- 
peice,  01,  both  approaching. 
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Thus,  Flommarion  has  pointed  out  that  the  stars  in  the  "  dipper  "  of  Una 
Major  have  such  a  community  of  motion,  except  a  and  t],  —  the  brighter  of 
the  pointers  and  the  star  in  the  end  of  the  handle,  —  which  are  moving  in 
entirely  different  directious,  and  refuse  to  be  counted  as  belonging  to  the 
same  group.  Fig.  217  shows  the  proper  motions  of  the  stars  which  compose 
this  group.  The  Potedam  observations  show  that  all  of  them,  excepting  j, 
which  is  too  faint  to  be  included,  ore  af^>roBching  the  sun  with  velocities 
between  13  and  20  miles  a  second. 

The  brighter  stars  of  the  Pleiades  ate  found  in  the  same  way  to  have  a 
common  motion. 

In  fact,  it  appeaiB  to  be  the  rule  rather  than  the  exception  that 
stars  appareatly  near  each  other  ace  really  connected  ae  comrades, 
travelling  together  in  groups  of  twoB  and  threes,  dozens  or  hundreds. 
They  show,  as  Miss  Gierke  graphically  expresses  it,  a  distinctly 
"  gregarious  tendency." 

804.  The  "So&'t  Way."  —  The  proper  motions  of  the  stars  are 
due  partly  to  their  own  real  motion,  and  partly  also  to  the  motion  of 
oar  sun,  which  is  moving  swiftly  through  space,  taking  with  it  the 
earth  and  the  planets.  Sir  William  Herschel  wae  the  first  to  investi- 
gate and  determine  the  direction  of  this  motion  a  little  more  than  100 
years  ago.  The  principle  involved  is  this :  that  the  apparent  motion 
of  each  star  is  made  up  of  its  own  motion  combined  with  the  motion 
of  the  sun  reversed  (Art.  492).  The  effect  must  be  that,  on  the  whole, 
the  ^rs  in  that  part  of  the  sky  towards  which  the  sun  is  moving  are 
separating  from  each  other, — the  intervalt  between  them  widening  out, 
—  while  in  the  opposite  part  of  the  heavens  thei/  are  closing  up ;  and 
in  the  intermediate  part  of  the  sky  the  general  drift  must  be  backward 
with  reference  to  the  sun's  (and  earth's)  real  motion.  Just  as  one 
walking  in  a  park  filled  with  people  moving  indiscriminately  in 
different  directions  would,  on  the  whole,  find  that  those  in  front  of 
him  appeared  to  grow  larger,'  and  the  spaces  between  them  to  open 
out,  while  at  the  sides  they  would  drift  backwards,  and  in  the  rear 
close  up. 

Spectroscopic  observations  ought  also  to  give  evidence  ae  to  this 
solar  motion ;  and  they  do  so.  On  the  whole,  in  the  quarter  of  the 
heavens  towards  which  the  sun  is  moving,  the  stellar  spectra  indicate 
approach,  and  vice  versa  in  the  opposite  quarter.  As  yet,  however, 
the  stars  whose  radial  motion  is  known  are  too  few  to  yield  a  very 

<  Theoretically,  of  course,  the  stars  towards  which  we  are  moving  must  appear 
to  grow  brigliter  as  well  as  to  drilt  apart ;  but  this  change  of  brlghtneas,  though 
real,  is  entirely  Imperceptible  within  a  human  lifetime. 


D.gitizect.yG00glc 


500  THB   STABS. 

good  deter  mi  DatioD  of  the  direction  of  the  solar  motioo,  thougli  the; 
give  a  better  determinatioii  of  ita  velocity  than  is  furaished  b^  the 
other  method. 

806.     About  twenty  different  deteiminations  of  the  point  in  the 

sky  towards  which  this  motion  of  the  sun  is  directed  have  been 
worked  out  by  various  aatronomers,  using  in  their  discussions  the 
angular  proper  motions  of  from  twenty  to  twenty-five  hundred  stars. 
All  the  investigations  present  a  reasonable  accordance  of  results, 
and  show  thai,  the  sun  is  moving  towards  a  point  mar  the  eastern  edgs 
of  the  eonstellation  of  JTercules,  having  a  right  ascension  of  about  877°  .5 
and  a  declination  of  about  85°.      (According  to  Newcomb.) 

Several  of  the  later  results  deduced  from  the  proper  motions  oi  the  fiunter 
stars  indicate  a  point  farther  north  and  eut,  near  a  Lyne.  The  spectro- 
scopic result,  on  the  contrary,  puts  it  farther  uwit  and  north ;  but  is  not 
entitled  to  much  weight 

This  point  towards  which  the  sun's  motion  is  directed  is  called 
"The  Apex  of  the  Sun's  Way,"' or  often,  and  more  simply,  "The 
Solar  Apex." 

806.  Velooity  of  tbe  Son'i  Hotion  in  Bpaca  —  From  the  discus- 
sion of  the  "proper  motions"  it  appears  that  the  sun's  velocity  is 
such  as  would  carry  it,  and  its  system  with  it,  about  5"  in  a  century 
as  seen  from  the  average  sixth  magnitude  star,  the  sixth  magnitude 
being  the  smallest  easily  visible  to  the  naked  eye.  We  could  at 
once  convert  the  expression  into  miles  if  we  had  any  accurate  knowl- 
edge of  the'  distance  of  this  class  of  stars,  but  as  to  that  we  can  do 
little  more  than  to  make  a  reasonable  conjecture.  If  we  accept  the 
estimate  of  Ludwig  Struve  (who  has  made  one  of  the  most  careful 
investigations  of  the  subject  of  "  proper  motions  "),  and  assume  this 
distance  to  be  about  20000000  astronomical  units,  the  rate  of  the 
solar  motion  comes  out  about  fifteen  miles  a  second. 

The  spectroscopic  observations  of  "  motion  in  the  line  of  sight,"  on 
theotber  hand,  indicate  a  velocity  of  about  eZerenffit/e*  a  «6<wru2;  and 
although  these  data  are  not  yet  sufiBcient  to  furnish  a  determination 
that  can  be  considered  final,  this  value  is  probably  more  authoritative 
than  that  deduced  from  the  "proper  motions,"  because  it  is  not  in 
any  way  dependent  on  our  unoertaiu  knowledge  of  stellar  distances. 

It  is  to  be  noted  that  this  swift  motion  of  the  solar  syatem,  while  of 
course  it  afFecta  the  real  motion  of  the  planets  in  tpace,  converting  them 

<  See  note  on  page  606. 
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into  a  sort  of  corkscrew  Bpiral  like  the  figure  (Fig.  218),  does  not  in  the 
least  affect  the  rtlaiive  motion  of  aim  and  planets,  as  some  paradoxers  have 
enpposed  it  must. 


807.  The  Central  Bun.  —  We  mention 
that  there  is  no  real  foundation  for  the 
Buch  a  body.  The  idea  that  the 
motion  of  oni  son  and  of  the  other 
stars  is  a  revolution  around  some 
great  central  sun  ia  avery  fascinating 
one  to  certain  minds,  and  one  that 
has  been  frequently  suggested.  It 
was  seriously  advocated  some  fifty 
years  ago  by  Madler,  who  placed  this 
centre  of  the  stellar  universe  at 
Alcyone,  the  principal  star  in  the 
Pleiades. 

It  is  certainly  within  bounds  to 
deny  that  any  such  motion  has  been 
demonstrated,   and  it   is    still   less 
probable  that  the  star  Alcyone   is 
the  centre  of  such  a  motion,  if  the 
motion  exists.     So  far  as  ve  can 
judge  at  present  it  is  most  liiely   "^^ 
that  the   stars   are   moving,  not  in 
regular  closed  orbits  around  any  centre 
bees  do  in  a  swarm,  each  for  itself,  under 
nant  attraction  of  its  nearest  neighbors, 
absolute  monarchy  with  the  sun  supreme, 
appears  to  be  a  republic,  without  any 
dominant  authority. 


this  subject  simply  to  say 
belief  in  the  existence  of 


whatever,  but  rather  as 

the  action  of  the  predomi- 

The  solar  system  is  an 

The  great  stellar  system 

such  central,  unique,  and 


THE  PARALLAX  AND  DISTANCE  OP  THE  8TAE8. 

808.  When  we  speak  of  the  "parallax  "  of  the  moon,  the  sun,  or 
a  planet,  we  always  mean  the  diurnal  parallax,  i.e.,  the  angular 
semi^iameter  of  the  earth  as  seen  from  the  body  in  question.  In 
the  case  of  the  stars,  this  kind  of  parallax  is  hopelessly  insensible, 
never  reaching  an  amount  of  T^igg  of  a  second  of  arc. 

The  expression  "  parallax  of  a  star"  always  means  its  annual  par- 
allax, that  is,  the  semi-diameter  of  the  earth's  orint  as  seen  from  the 
star.    Even  this  in  the  case  of  all  stars  but  a  very  few  is  a  mere  frao- 
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tion  of  a  second  of  arc,  too  small  to  be  measuied.  In  a  few  instances 
it  rises  to  about  half  a  second,  and  in  the  one  case  of  our  nearest 
neighbor  (so  far  as  known  at  present),  the  star  a  Centauri,  it  appears 
to  be  about  0",9,  according  to  the  earlier  observers,  or  about  0".76, 
according  to  the  latest  determination  of  Gill  and  Elkin.  In  Fig.  219 
the  angle  at  the  star  is  the  star's  parallax. 

In  accordance  with  the  principle  of  relative  motion  (Art.  492), 
eveiy  star  has,  superposed  upon  its  own  motion  and  combined  with 
it,  an  apparent  motion  equal  to  that  of  the  earth  but  leveised.  If 
the  star  is  really  at  rest  it  must  seem  to  travel  around  each  year  in  a 
little  orbit  186  000000  miles  in  diameter,  the  precise  counterpart  of 
the  earth's  oiblt  in  size  and  fonn,  and  having  its  plane  parallel  to 
the  ecliptic. 


Flo.  EIS.— The  AudiuJ  Parallu  of  a  8tw. 

If  the  star  is  near  the  pole  of  the  ecliptic  this  apparent  "parallactic"  orbit 
will  be  viewed  perpendicularly  and  appear  aa  a  circle;  if  the  star  is  on  the 
ecliptic  it  -will  be  seen  edgewise  aa  a  short,  straight  line,  while  in  the  iuter- 
mediste  latitudes  the  parallactic  orbit  will  appear  as  an  ellipee.  In  this 
respect  it  is  just  like  the  "aberrational"  orbit  of  a  star  (Art  226) ;  bat 
while  the  aberrational  orbit  is  of  the  same  size  for  every  star,  having  always 
a  semi-major  axis  of  20".47,  the  size  of  the  parallactic  orbit  depends  npon 
the  distance  of  the  star.  Moreover,  in  the  parallactic  orbit  the  star  ia 
always  opposite  to  the  earth,  while  in  the  aberrational  orbit  it  keeps  Jnat 
90°  ahead  of  her. 

809.  If  we  can  find  a  way  of  measuring  this  paraUaotio  orbit,  the 
star's  distance  is  at  once  determined  from  the  equation 

_  ,             206266  X  R 
Distance  = ;; J 


in  which  p"  is  the  parallax  in  seconds  of  arc  (the  apparent  semi- 
major  axis  of  the  parallactic  orbit),  and  R  is  the  earth's  distance 
from  the  sun. 

The  determination  of  stellar  parallax  had  been  attempted  over  and 
over  again  from  the  days  of  Tycho  down,  but  without  success  until 
Bessel,  in  1838,  succeeded  in  demonstrating  and  measuring  the  par- 
allax of  the  star  61  Cygni ;  and  the  next  year  Henderson,  of  the 
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Cape  of  Good  Hope,  brought  out  that  of  a  Centaori.  It  will  be 
Temembered  that  it  was  mainly  on  account  of  his  fulute  to  detect 
stellar  parallax  that  Tycho  rejected  the  Gopemicaii  theoiy  and 
substituted  his  own  (Art  504). 

Koemer,  of  Copenhagen,  in  1690,  thought  that  he  had  detected  the  effect 
of  stellar  parallax  in  his  observations  of  the  difference  of  right  ascension 
between  Sirius  and  Vega  at  different  times  of  the  year.  A  few  years  later, 
Horrebow,  his  enccessor,  from  his  own  discussion  of  Roemer's  observations, 
made  out  the  amount  to  be  nearly  four  seconds  of  time  or  I',  and  pabliahed 
his  premature  exultation  in  a  book  entitled  "Copernicus  Triumphana." 
The  discovery  of  tAerration  by  Bradley  explained  many  abnormal  results  of 
the  early  astronomers  which  had  been  thought  to  arise  ixom  stellar  parallax, 
and  proved  that  the  parallax  must  be  extremely  small.  About  the  begin- 
ning of  the  present  century,  Brinkley,  of  Dublin,  and  Pond,  the  Astronomer 
Boyal,  had  a  lively  controverHy  over  their  observations  of  a  Lyre  (Vega). 
Brinkley  considered  that  his  observations  indicated  a  parallax  of  nearly  3". 
Pond,  on  the  other  hand,  deduced  a  minute  negative  parallax,  which  is  of 
course  impossible,  and,  as  some  one  expresses  it,  would  put  the  star  "some- 
where on  the  other  side  of  nowhere."  In  fact,  as  it  turns  out,  Pond  was 
nearer  right  than  Brinkley,  the  actnal  parallax  as  deduced  from  the  latest 
observations  being  only  about  0".2.  The  apparent  negative  parallax  simply 
indicated  that  the  actual  parallax  is  too  small  to  show  itself  decidedly,  taid 
was  overborne  by  errors  of  observation.  The  periodical  changes  of  tempera- 
tore  and  air  pressure  continually  lead  to  fallacious  results  except  under  the 
most  extreme  precautions. 

810.  Methodi  ol  Seteimiiiiii;  Parallax. — The  operation  of  meas- 
uring a  stellar  parallax  is,  on  the  whole,  the  most  delicate  in  the 
whole  raJige  of  practical  astronomy.  Two' methods  have  been  sue- 
eessfully  employed  so  far  —  the  absolute  and  the  differential. 

(a)  The  first  method  consists  in  making  meridian  observations  of 
the  right  asoension  and  declination  of  the  star  in  question  at  differ- 
ent seasons  of  the  year,  applying  all  known  corrections  for  preces- 
sion, nutation,  aberration,  and  proper  motion,  and  then  studying  the 
resulting  star-places.  If  the  star  is  without  parallax,  the  places 
should  be  identical  after  the  corrections  have  been  duly  applied.  If 
it  has  parallax,  the  star  will  be  found  to  change  its  right  ascension 
anddeclinationBystematically,though8lightly,through  the  year.  But 
the  changes  of  the  seasons  so  disturb  the  constants  of  the  instrument 
that  the  method  is  trea^^herous  and  uncertain.  There  is  no  possibil- 
ity of  getting  rid  of  these  temperature  effects  (in  producing  changes 
of  refraction  and  varying  expansions  of  the  instrument  itself)  by 
merely  multiplying   observations   and  taking  averaget,  since  the 

1  For  spectroscopic  method,  see  note  on  page  600. 
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changes  of  temperature  are  themBelTea  annually  periodic,  just  as  is 
the  parallax  itBelf. 

Still,  in  a  few  cases  the  method  has  proved  successful.  Different 
observers  at  different  places  with  different  instruments  have  found 
for  a  few  stars  fairly  accordant  results;  as,  for  instance,  in  the  case 
of  a  Gentauri,  already  mentioned  as  our  nearest  neighbor. 

811.  (b)  The  Siflerentiftl  Hethod.  — This  consists  in  measuring 
the  change  of  position  of  the  star  whose  parallax  we  are  seeking 
(which  is  supposed  to  be  comparatively  near  to  us),  with  reference 
to  othe^  small  stars,  which  are  in  the  same  telescopic  field  of  view, 
but  are  supposed  to  be  so  far  beyond  the  principal  star  as  to  have 
no  sensible  parallax  of  their  own.  If  the  comparison  stars  are  near 
the  large  one  (say  within  two  or  three  minutes  of  arc),  the  ordinary 
wire  micrometer  answers  very  well  for  the  necessary  measures ;  but 
if  they  are  farther  away,  the  heliometer  (Art,  677)  represents  special 
and  very  great  advant^es.  It  was  with  this  instrument  that  Bessel, 
in  the  case  of  61  Cygni,  obtained  the  first  success  in  this  line  of 
research. 

The  great  advantage  of  the  differential  method  is  that  it  avoids 
entirely  the  difficulties  which  arise  from  the  uncertainties  as  to  the 
exact  amount  of  precession,  etc.;  and  in  great  measure,  though  not 
entirely,  those  arising  from  the  effect  of  tfae  seasons  upon  refraction 
and  the  condition  of  the  instruments.  On  the  other  hand,  however, 
it  gives  as  the  final  result,  not  the  absolute  parallax  of  the  star,  but 
only  the  difference  between  it»  parallax  and  that  of  the  comparison 
star.  If  the  work  is  accurate  the  parallax  deduced  cannot  be  too 
great;  hit  it  may  be  sensibly  too  small,  and  so  may  make  the  star 
apparently  too  remote.  This  is  because  the  parallax  of  the  com- 
parison star  can  never  be  quite  zero :  if  the  comparison  star  happens 
to  have  a  parallax  of  its  own  as  la^  as  that  of  the  principal  star, 
there  will  be  no  relative  parallax  at  all ;  if  larger,  the  paralUue  sought 
will  come  out  apparently  negative,  which  is  by  no  means  unusual. 

813.  Sfltenninatlon  of  Parallax  by  Fhotogrtaphy.  —  Recently 
photography  has  been  pressed  into  the  service  with  great  advantage, 
first  by  the  late  Professor  Fritchard  in  1886.  Sfeasurements  with 
the  micrometer  and  heliometer  are  so  tedious  that  in  practice  it  is 
impossible  to  use  more  than  one  or  two  "comparison  stars"  in 
determining  a  parallax  by  their  use,  but  there  is  no  such  restrictiDU 
in  the  case  of  photography.  The  negative  will  probably  show  the 
images  of  a  great  number  of  stars,  and  all  of  them  can  be  utilized. 
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Of  course  the  nmnber  of  Degatives  must  be  oonBiderable,  and  taken 
at  times  well  distributed  through  the  year,  with  extreme  precautions 
also  in  the  deTelopment  of  the  plates  to  prevent  any  slipping  or 
distortion  of  the  film  upon  the  glass. 

It  is  probable  that  this  method  will  11017  give  us  before  very  long 
a  large  number  of  well-determined  parallaxes. 

618.  8*lmtioil  of  Stars.  —  It  ie  important  to  select  for  inveBtigations 
of  this  kind  those  stars  which  may  reasouably  be  suppoaed  to  be  near, 
and,  therefore,  to  have  a  senaible  parallax.  The  most  important  indication 
of  proximity  is  a  large  proper  motion,  and  brightnoi  is,  of  course,  confirm- 
atory. At  the  same  time,  while  it  if  probable  that  a  bright  star  with  large 
proper  motion  is  comparatively  near,  it  is  not  certain.  The  small  stars 
are  so  much  more  numerous  than  the  large  ones  that  it  will  be  nothing  8ur> 
prising  if  we  should  find  among  them  one  or  more  neighbors  nearer  than 
a  Centauri  itself. 

811  TTnit  of  Stellar  "biOaiaot.—  The  lAgkt-Year.  The  ordinary 
" astronomieal  unit"  or  distance  of  the  sun  from  the  earth,  is  not 
sufficiently  large  to  be  convenient  in  expressing  the  distances  of  the 
stars.  It  is  found  more  satisfactory  to  take  as  a  unit  the  distance 
that  light  travels  in  a  year,  which  is  about  63000  times  the  distance 
of  the  earth  from  the  sun.  A  star  with  a  parallax  of  1"  is  at  a  dis- 
tance of  3.26"  %Ai-yeorg"  80  that  the  distance  of  any  star  in  "light- 
years"  is  expressed  by  the  formula 

p" 
815.  Table  lY.  in  the  Appendix  gives  the  parallaxes,  the  dis- 
stances  in  light-years,  and  the  proper  motions,  and  "cross,"  or 
"  thwartwise  "  motions  (Art.  801,  note)  of  certain  stars  whoso  par- 
allaxes may  be  considered  as  now  fairly  determined.  There  are 
other  stars  for  which  parallaxes  have  been  found  la^er  than  some 
of  those  included  in  the  table ;  but  the  results  are  not  yet  sufficiently 
confirmed. 

The  student  will,  of  course,  see  that  the  tabulated  distance  in  the  cage  of 
a  remote  star  is  liable  to  an  enormous  percentile  of  error.    Considering  the 

amount  of  discordance  between  the  results  of  different  observers,  it  is 
extremely  charitable  to  asHume  that  any  of  the  parallaxes  are  certain 
within  ,V  <^f  ^  second  of  arc :  but  in  the  case  of  a  star  like  the  pole  star, 
which  appears  to  have  a  parallax  of  less  than  0".08,  this  ^  oi  a  second 
is  ^  of  the  whole  amount ;  so  that  the  distance  of  that  star  is  uncertain  by 
at  least  twenty-five  per  cent.  (^  of  a  second  is  the  angle  subtended  by  ^ 
of  aa  inch  at  the  distance  of  (en  miles.) 
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As  ragardB  the  distance  of  atara,  the  paiallax  of  which  has  not  yet  been 
measured,  very  little  can  be  said  with  certainty.  It  ia  probabie  that  the 
remoter  onea  are  so  far  away  that  light  in  mt^ii^  ita  journey  oocnjues  > 
thousand  and  perhapa  many  thousand  yeais> 


ExBBCisBS  qir  Ghaptbb  XX. 

1.  ABsnining  the  parallax  of  61  Cygni  as  0".40,  and  that  it  Is  ^proacb- 
ing  the  sun  at  the  rate  of  34.5  milee  a  second  (Ait.  801),  how  many  yean 
would  it  take  to  increase  its  brightness  by  ten  per  cent,  euppoaing  ite  radial 
velocity  to  remain  unchanged?  ^^    2050  yeaw. 

2.  Aaanming  the  distance  of  61  Cygni  as  8.15  light-years,  and  that  the 
radial  and  transverae  velocities  are  34.5  and  38  milea  a  second  rospectively, 
find  how  near  the  star  will  come  to  the  bud  if  it  keeps  on  nniformly,  and 
in  a  straight  line ;  also  how  long  it  will  take  to  reach  that  point  of  nearest 
approach. 

Am.   Nearest  E^>proaoh  6.03  light-years ;  reached  after  16900  yean- 

Nora   ON   SFBCTBOaCOFIG   DBtBBIIINATIOR   OF  PaBALLAX  OP  BuAXT  SlAU. 

SPICTBOBOOPIO  DEIBKHIVATIOlt  OF  BTELLAB  FASALLAZ.  In  the  caw 
of  certain  binary  stats  (Arts.  672-877)  of  which  the  period  and  angular  dimeii' 
eions  of  the  orbit  are  accurately  knowo,  atid  which  have  the  plaiie  qf  (Ae  oiiiit 
neaHy  directed  toaard  the  sua,  the  spectroscope  will  enable  us  to  determine  tbe 
velocity  with  which  they  move,  and  therefore  the  octuoj  dtmenatont  nf  the  oiiiit 
in  miiet.  Combining  this  with  the  iq)pareot  dimensions  of  the  orbit  in  Mconda 
t^f  arc,  we  get  at  once  the  length  in  miles  of  a  second  of  arc  at  the  star's  dis- 
tance ;  from  which  the  parallax  and  distance  immediately  fallow. 

Wright  has  recently  (1906)  tested  this  method  upon  Alplia  Centanri,  and 
gets  a  parallax  of  0.70",  in  almost  absolute  agreement  with  that  determined  fay 
the  osnal  methods.  It  will,  however,  probably  be  a  long  time  before  we  ebslt 
have  sufficient  spectroscopic  observations  to  enable  us  to  make  many  applicatioiiB 
of  the  method,  et^iecially  as  the  available  binaries  are  not  numerous. 

NoTs  TO  Abt.  805. 
Recent  investigations  of  Kapteyn  and  others  would  indicate  that  the  stars  sra 
not  moving  indiscriminately  in  all  directions,  but  that  there  are  extensive  sys- 
tematic drifts.  The  nearer  stars  seem  to  belong  mainly  to  two  great  sjBteDO, 
streaming  in  opposite  directions.  This  being  the  case,  the  computed  poaitloD  ol 
the  "  Solar  Apex"  will  be  affected. 
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CHAPTER    XXI. 

THE  LIGHT  OP  THE  STARS.  —  STAE  MAGNITUDES  AND  PHO- 
TOMETRY  VARIABLE  STABS. —  STELLAE  SPECTRA.  —  SCIN- 
TILLATION  OF  STABS. 

816.  Star  MagnitudeB.  —  The  term  "  magnitude,"  as  applied  to 
a  etai,  refers  simply  to  its  brightness.  It  has  nothing  to  do  with 
its  apparent  angular  diameter.  Hipparchus  and  Ptolemy  arbitrarily 
graded  the  visible  stars,  according  to  their  brightness,  into  six 
classes,  the  stars  of  the  sixth  magnitude  being  the  smallest  visible 
to  the  eye,  while' the  first  class  comprises  about  twenty  of  the 
brightest.  There  is  no  assignable  reason  why  six  classes  should 
have  been  constituted,  rather  than  eight  or  ten. 

After  the  invention  of  the  telescope  the  same  system  was  extended 
to  the  smaller  stars,  but  without  any  general  agreement  or  concert, 
so  that  the  magnitudes  assigned  by  different  observers  to  telescopic 
stars  vary  enormously.  Sir  William  Hersehel,  especially,  used  very 
high  numbers:  his  twentieth  magnitude  being  about  the  same  as 
the  fourteenth  on  the  scale  now  generally  used,  which  more  nearly 
corresponds  with  that  of  Argelauder. 

817.  TraotioiLal  Kagnitndea.  —  Of  course,  the  stars  classed  to- 
gether under  one  magnitude  are  not  exactly  alike  in  brightness,  but 
shade  from  the  brighter  to  the  fainter,  so  that  exactness  requires  the 
use  of  fractional  m^nitudes.  It  is  now  usual  to  employ  decimals 
giving  the  brightness  of  a  star  to  the  nearest  tenth  of  a  magnitude. 
Thus,  a  star  of  4.3  magnitude  is  a  shade  brighter  than  one  of  4.4, 
and  so  on. 

A  peculiar  notation  was  employed  by  Ptolemy,  and  used  by  Argelander 
in  his  "Uranometrta'  Nova."  It  recognizes  thirds  of  a  magnitude  as  the 
■mallest  sabdiviaion.  Thus,  2,  2,3,  3,2,  and  3  expiesB  tlie  gradations 
between  second  and  third  m^nitade,  2,3  being  applied  to  a  star  whose 
brightness  is  a  little  inferior  to  the  second,  and  3,2  to  one  a  little  brighter 
than  the  third  mi^nitude. 

>  The  term  *'  Uranometria  "  has  come  to  mean  a  catalogue  of  nakeA-ei/e  tUxn: 
Uke  the  catalogoea  of  Hippoiclias,  Ptolemy,  and  Ulugh  Beigh. 
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818.  Stan  Visible  to  the  Haked  'Bja.  ~  Heia  enumerates  the 
BtarB  clearly  visible  to  the  naked  eye  id  the  part  of  the  sky  Dortti 
of  35°  south  decliiiation,  as  follows :  — 


1st  magnitude, li    Ith  magnitude,   . 

2d  "  48    5th 

3d  "  152  I  6Hi         " 

Total 


According  to  Newconib,  the  number  of  stars  of  each  magnitude  is  such 
that  united  they  would  give,  roughly  speaking,  somewhere  nearly  the  same 
amount  of  light  as  that  received  from  the  H.ggregate  of  thoae  of  the  neit 
brighter  magnitude.  But  the  relation  is  very  far  from  exact,  and  seetag  to 
fail  entirely  for  the  fainter  magnitudes  below  the  tenth  or  eleventh,  the 
smaller  stars  being  less  numerous  than  they  should  be.  In  fact,  if  the  law 
held  ont  perfectly,  and  if  light  was  transmitted  through  space  without  loss, 
the  whole  sky  would  be  a  blaze  of  Ught  like  the  surface  of  the  sun. 

819.  Light-Satio  and  Absolute  Scale  of  Star  Ka^itades.  —  It 
waa  found  by  Sir  John  Herschel,  about  fifty  years  ago,  that  the  light 
given  by  the  average  star  of  the  first  magnitude  is  just  about  oue 
hundred  times  as  great  as  that  received  from  one  of  the  sixth,  and 
that  a  corresponding  ratio  h^  been  pretty  nearly  maintained 
throughout  the  scale  of  magnitudes,  the  stars  of  each  magnitude 
being  abont  2J  times  ( -^joo)  brighter  than  those  of  the  next  infe- 
rior mi^itude.  The  number  which  expresses  the  ratio  of  the  light 
of  a  star  to  that  of  another  one  magnitude  fainter  U  called  the  light- 
ratio. 

In  the  star  magnitudes  of  the  maps  by  Argelander,  Heis,  and 
others,  which  are  most  used  at  present,  the  divergence  from  a  strict 
uniformity  of  light-ratio  is,  however,  sometimes  very  serious.  About 
1850  it  waa  proposed  by  Pogson  to  reform  the  system,  by  adoptJng 
a  scale  with  the  uniform  lightratio  of  y/xod,  adjusting  the  first  sii 
magnitudes  to  correspond  as  nearly  as  possible  with  the  magnitudes 
hitherto  assigned  by  leading  authorities,  and  then  carrying  forvard 
the  scale  indefinitely  among  the  telescopic  stars.  Until  recently  this 
"  absolute  scale  of  magnitude,"  as  it  has  been  called,  has  not  been 
much  used;  but  in  theKew  Uranometriaa  made  at  Cambridge  (U.  S.) 
and  Oxford  it  has  been  adopted,  and  it  is  now  rapidly  supplanting 
the  older  systems. 

820.  Relative  Brightness  of  Different  Star  Magnitudes. —Id  this 
scale  the  light-ratio  between  successive  magnitudes  is  made  exaotlf 
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■^lOOi  ""■  *^fl  number  wkote  logarithm  it  0.4000,'  viz.,  2.512.  Ita 
reoiprocal  is  the  number  whose  logaritlim  ia  9.6000,  viz.,  0.3981.  If 
di  is  the  brightness  of  a  standard  fiist-magnitude  Btai',  expressed 
either  in  candle-power  or  other  convenient  unit,  and  6,  be  the 
brightness  of  a  star  of  the  nth  magnitude  on  this  scale,  we  shall 
therefore  have 

log  6,  =  log  *.-  A  («  -  »»)•  (1) 
conversely,  »  =  1  +  V  (log  ^-  -  log  *.).  or  1  +  y  log  ^^\ 

(n  —  tn)  in  these  equations  being  the  number  of  magnitudes  betiveen 
the  star  of  the  mth  magnitude  and  the  star  of  the  nth  magnitude ; 
80  that  for  a  star  of  the  sixth  magnitude  compared  with  the  first 
equation  (1)  reads, 

log  J,  =  log  J,  — .^  X5  =  log*i  — 2. 
With  this  light-ratio,  ever;  difference  of  five  magnitudes  corresponds 
to  a  multiplication  or  division  of  the  star's  light  by  100;  i.e.,  to  make 
one  star  as  bright  as  the  standard  star  of  the  first  magnitude  it  would 
require  100  of  the  sixth,  10000  of  the  eleventh,  1000000  of  the 
sixteenth,  and  100000000  of  the  twenty-first  magnitude. 

As  nearly  standard  stars  of  the  first  magnitude  on  this  scale  we 
have  a  Aquilte  and  Aldebaran  (a.  Tauri).  The  pole  star  and  the  two 
"  pointers  "  are  very  nearly  standard  stars  of  the  second  magnitude. 

821.  H^^tive  Hag^tades. — According  to  this  scale,  stars  that  are 
one  magnitude  brighter  than  those  of  the  standard  first  would  be  of  the  zero 
magnitude  (as  is  the  case  with  Arcturus),  and  those  that  are  brighter  yet 
would  be  of  a  negative  magnitude  ;  e.g.,  the  mt^nitude  of  Sinus  is  —  1.43 ; 
and  Jupiter  at  opposition,  in  conformity  to  this  sjatem,  ia  described  as  a 
star  of  nearly  —  3d  magnitude,  which  means  that  it  is  nearly  2.61',  or  about 
16  times  brighter  than  a  star  of  the  +lBt  magnitude  like  Aldebaran. 

832.  Selation  of  Bize  of  Telotoope  to  the  Kk^tude  of  the 
Smalleat  Star  Tiiible  with  it— -If  a  telescope  just  shows  a  star  of 
a  given  magnitude,  then  to  show  stars  one  magnitude  smaller  we 
require  an  instrument  having  its  aperture  larger  in  the  ratio  of 
■y'2.512  (or  '-^ioo)  to  1;  i.e.,  as  1.59  : 1,  Every  tenfold  increase  in 
the  diameter  of  the  object-glass  will  therefore  carry  the  power  of 
vision  just  five  magnitudes  lower. 

■I.OI!.  ino 
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Assuming  what  aeema  to  be  very  nearly  true  for  normal  eyes  and  good 
telescopes,  that  the  "  minimum  vitibUe  "  for  a  one-inch  aperture  is  a  star  oi 
the  ninth  magnitude,  we  obtain  the  following  little  table  of  apertures  reqaind 
to  ahoiD  stars  of  a  given  magnitude,  the  formula  being  m  =  9  +  5  X  log.  of 
aperture  in  inches. 


Star  Mt^nitude.  . 
Aperture 

7 
0«».40 

8 

0 

10 
lln-SQ 

11 
2i».51 

12 

Star  Magnitude.  . 
Aperture 

13 
6'".31 

14 
10i".00 

15 

16 
25ta.l0 

17 

89W.80 

18 

e3i».io 

But  on  account  of  the  increased  thickness  necessary  in  the  lenses  of  large 
telescopes,  they  never  quite  equal  their  theoretical  capacity  ae  compved 
with  smaller  ones. 

The  Yerkes  telescope,  therefore  (forty  inches  aperture),  will  barely  show 
stars  of  the  seTenteenth  m^nitude,  not  quite  one  magnitude  fainter  than 
the  smallest  visible  with  the  twenty-eix-inch  telescope  at  Washington.  But 
tlie  number  made  visible  will  probably  be  about  doubled,  since  the  smaller 
stara  are  vastly  the  ni 


823.  Meaiurement  of  Star  ][«ffnitad6s  and  Brightneti.  —  Until 

recently  all  such  measurements  were  mere  eye-estimates.  Even  yet 
nearly  all  photometric  measures  depeud  ultimately  on  the  judgment 
of  the  eye.  But  it  is  possible  by  the  help  of  instruments  to  aid  this 
judgment  very  much  by  limiting  the  point  to  be  decided,  to  the 
question  whether  two  lights  as  seen  are,  or  are  not,  exactly  equal, 
or  else  making  the  decision  depend  on  the  visibility  or  non-visibility 
of  some  appearance.     See  Art.  831. 

824.  Kethod  of  SeqvonoH.  —  For  some  purposes  the  unassisted 
eye  is  quite  as  good  as  any  photometric  instrument.  It  judges 
directly  with  great  precision  of  the  order  of  brigkensss  iu  which  a 
number  of  objects  stand.  In  the  method  of  "  sequences,"  as  it  is 
called,  the  observer  merely  arranges  the  stars  he  is  comparing,  say 
to  the  number  of  fifty  or  so,  in  the  order  of  their  brightness,  taking 
care  that  the  stars  in  each  sequence  list  are  nearly  at  the  same  alti- 
tude, and  seen  under  equally  favorable  circumstances.  Then  he 
makes  a  second  sequence,  taking  care  to  include  in  it  some  of  the 
stars  that  were  in  the  first;  and  so  on.  Finally,  from  the  whole  set 
of  sequences,  a  list  can  be  formed,  including  all  the  stars  contained 
in  any  of  them,  arranged  in  the  order  of  brightness.  This  process 
gives,   however,  no  determination  of  the  light-ratio,  nor  of  ths 
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number  of  times  by  which  the  light  of  the  brightest  exceeds  that 
of  the  faintest. 

Variable  etare  ai«  still  often  obgerved  in  this  way,  tha  stars  with  which 
they  axo  compared  being  such  as  have  their  magnitudes  already  well  deter- 

825.  2.  InBtmmental  XetlkodB. — These  are  nearly  all  based  on 
two  different  principles: — 

a.  The  measurement  is  made  by  causing  the  star  to  disappear  by 
diminishing  its  light  in  some  measurable  way.  This  is  usually 
referred  to  as  the  "method  of  extinctvma." 

b.  The  measurement  is  effected  by  causing  the  light  of  the  star 
to  appear  jast  equal  to  some  other  standard  light,  by  decreasing  the 
brightness  of  the  star  or  of  the  standard  in  some  known  ratio  until 
they  are  perfectly  equalized. 

Under  the  firet  head  come  the  photometers  which  act  upon  the  principle 
of  "  limiting  apertures."  The  f«Ieacope  is  fitted  with  some  arrangement,  often 
a  so-called  "  cat's-eye,"  by  which  the  available  aperture  of  the  object-glafis 
can  be  diminished  at  will,  and  the  obserration  consista  in  determining  with 
what  area  of  object-^lass  the  star  is  juat  viHible.  The  method  is  embar- 
rassed by  constant  eirora  from  the  fact  that  the  greater  thickness  of  the 
glass  in  the  middle  of  the  lens  comes  into  account,  and,  still  worse,  from 
die  fact  that  the  image  of  the  star  becomes  large  and  diffuse  (on  account 
of  diffraction)  when  the  aperture  b  very  much  reduced. 

826.  The  Wedge  Photometer.  —  The  method  of  producing  the 
"  extinction  "  by  a  "  werfya  "  of  dark,  neutral-tinted  glass  is  much 
better.  The  wedge  is  usually  five  or  six  inches  long,  by  perhaps  a 
quarter  of  an  inch  wide,  and  at  the  thick  end  cuts  off  light  enough 
to  extinguish  the  brightest  stars  that  are  to  be  observed.  In  the 
Pritchard  form  of  the  instrument  this  wedge  is  placed  close  to  the 
eye  at  the  eye-hole  of  the  eye-piece;  in  some  other  forms  it  is  placed 
at  the  principal  focus  of  the  object-glass,  where  micrometer  wires 
would  be  put. 

In  observation  the  wedge  is  pushed  along  promptly  until  the  star 
just  disappears,  and  a  graduation  on  the  edge  of  the  slider  is  read. 

The  great  simplicity  of  the  instrument  commends  it,  and  if  the  wedge  is 
a  good  one  of  really  neutral  glass  (which  is  not  easy  to  get),  the  results  are 
remarkably  accurate.  But  the  observations  are  very  trying  to  the  eyes  on 
account  of  the  straining  to  keep  in  sight  an  object  just  as  it  is  becoming 
invisible.     The  constant  of  the  we^  moat  be  carefully  determined  in  the 
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laboratot;,  i.e.,  what  length  of  the  wedge  corresponds  to  a  diminution  of 
the  light  of  a  star  by  just  one  magnitude  (cutting  oS  0.602  of  its  light). 
It  is  convenient  to  have  the  slider  graduated  into  inches  or  millimeters  on 
the  one  edge  and  magnitudes  on  the  other.  The  "  Uranometria  Kova  Ozo- 
niensia"  is  a  catalogue  of  the  magnitudes  of  the  uaked-eye  stars  to  the 
number  of  3784,  between  the  pole  and  10°  south  declination,  observed  with 
an  instrument  of  this  kind  by  Professor  Pritchard,  and  publiabed  in  1886. 

827.  Folaruation  Pliotometen. — The  inatruoients,  however,  with 
which  most  of  the  accurate  photometric  work  upon  the  stars  has 
been  done,  are  such  aa  compare  the  light  of  the  star  with  some 
standard  by  means  of  an  "equalizing  apparatus"  based  on  the 
application  of  the  principles  of  double  refraction  and  polarization. 

The  light  of  either  the  observed  star  or  the  comparison  star  (real  or  arti- 
ficial] is  polarized  by  transnnssion  through  a  Nicol  prism,  or  else  both  pen- 
cils are  sent  through  a  double  refracting  prism.  The  images  are  viewed 
with  a  Nicol  prism  in  the  eye-piece;  and  by  turning  this  the  polarized 
image  or  images  can  be  varied  in  brightness  at  pleasure,  and  the  amount  of 
variation  determined  by  reading  a  small  circle  attached  to  it  In  the  pho- 
tometers of  Seidel  and  Zollner,  who  observed  comparatively  few  objects,  but 
very  accurately,  the  artificial  star  with  which  the  real  stars  were  compared 
was  formed  by  light  from  a  petroleum  lamp,  shining  through  a  small 
aperture,  and  reflected  to  the  eye  by  a  plate  of  glass  in  the  telescope  tube. 
MOller  and  Kempf  at  Potsdam  used  the  same  instrument  in  their  very 
accurate  photometric  catalogue  of  3500  stars  above  the  7}  magnitude 
between  the  equator  and  dec.-|--0°.  Pickering,  in  making  bia  much  more 
extensive  but  less  precise  photometric  catalogues,  published  and  in  progress, 
has  also  used  the  polarization  principle,  but  has  made  the  p<^  ttof  the 
standard,  bringing  it  by  an  ingenious  arrangement  into  the  same  field  with 
the  star  whose  brightness  is  to  be  measured. 

Photometric  observations  in  many  cases  require  large  and  some- 
what uncertain  corrections,  especially  for  the  absorption  of  light  by 
the  atmosphere  at  different  altitudes,  and  the  final  results  of  different 
observers  naturally  fail  of  absolute  accordance.  Still  the  agreement 
between  the  different  recent  catalogues  is  remarkably  close,  generally 
within  one  or  two  tenths  of  a  magnitude. 

838.    The  Xeridian  Photometer.  —  This  instrument,  contrived  and 

used  by  Professor  Pickering  in  the  observations  of  the  Harvard  Photometry, 
consists  of  a  telescope  with  two  object-glasses  side  by  side.  The  telescope 
is  pointed  nearly  east  and  west,  and  in  front  of  each  object-glass  b  placed 
a  silvered  glass  mirror  at  an  angle  of  45°.     One  of  the  mirrora  is  so  set  as 
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to  bring  the  rays  of  the  pole  star  to  one  object^lass ;  the  other  mirror  is 
cap&ble  of  being  turned  around  the  optical  axis  of  the  telescope,  in  such  a 
way  as  to  coinmaDd  a  star  at  any  part  of  the  meridian,  and  bring  its  l^ht 
into  the  other  object-glass.  At  the  eye  end  is  placed  a  double  refraction 
polarization  apparatus,  which  gives  an  imi^e  of  the  pole  star  polarized  in 
one  plane,  and  an  image  of  the  star  to  be  observed  polarized  in  a  plane  at 
right  angles,  both  visible  at  the  same  time  in  the  same  eye-piece.  lu  front 
of  the  eye-piece  is  a  Nicol  prism.  On  looking  into  the  instrument  the 
observer  sees  two  stars,  the  pole  star  at  rest,  the  other  moving  along  as  in 
a  transit  inHtniment.  He  simply  turns  the  Nicol  until  the  im^es  are 
equalized,  setting  the  Nicol  at  all  the  four  diiferent  positions  which  will 
produce  the  effect,  and  reading  the  graduated  circle  C.  The  whole  opera- 
tion consumes  not  more  than  a  minute,  with  the  help  of  an  aseistant  to 
record  the  numbers  as  read  off.  The  "  Harvard  Photometry "  (usually 
referred  to  siniply  as  "H.  P.,")  waa  made  by  means  of  an  instrument  with 
object-glasses  only  two  inches  and  a  half  in  diameter.  An  instrument  with 
four-inch  lenses  was  used  at  Cambridge  in  measuring  the  magnitudes  of 
all  the  nearly  80000  stars  of  Argelander'a  Durchmutlerung,  which  are  of 
the  eighth  mi^nitude  or  brighter,  and  has  been  sent  to  Peru,  where  it  is 
to  complete  the  photometry  of  the  southern  heavens. 

889.  Photometry  by  meani  of  Photography. — It  has  been  found  that, 
excepting  a  few  strongly  colored  stars,  the  intensity,  or  more  simply  the  $ize, 
of  the  image  of  a  star  formed  upon  a  photographic  plate  may  be  used  as  a 
measure  of  its  brightness  as  compared  with  other  stars  taken  on  the  same 
plate,  or  on  similar  plates  similarly  esposed.  The  comparison  becomes 
easier  and  more  accurate  if  the  photographic  telescope  is  not  made  la 
follow  the  stars  exactly,  but  is  allowed  to  lag  a  little,  so  that  the  star  forms 
a  "  trail."  It  will,  therefore,  be  possible  to  use  the  plates  of  the  great  pho- 
tographic star  campaign  to  determine  star  magnitudes  as  well  as  positions. 
But  these  magnitudes  are  "  photographic,"  not  visual ;  certain  stars,  for 
instance,  that  are  hardly  visible  to  the  naked  eye,  photograph  as  bright 
stars,  and  there  are  others — red  stars  —  that  are  abnorirally  faint  on  the 
plate.  The  eiceptions  are  numerous  enough  to  make  it  necessary  to  use 
photographic  magnitudes  with  caution.  In  the  study  of  variable  stars, 
however,  the  method  may  be  used  with  some  great  advantages. 

830.  Star  Colon  and  the^  Sfleots  on  Photometry.— The  stars 
diSer  oonsiderably  in  color.  The  majority  are  of  a  very  pure  white, 
like  Sirius  and  the  sun,  but  there  are  not  a  few  of  a  yellowish  hue, 
like  Capella,  or  reddish,  like  Areturus  and  Antares  ;  and  there  are 
some,  mostly  small  stars,  which  are  as  red  as  garnets  and  rubies. 
We  also  have,  associated  with  larger  ones  in  double-star  systems. 
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numeroue  small  stars  which  are  stroBgly  greeo  or  blue ;  and  there 
are  a  few  large  isolated  stara,  which,  like  Vega,  are  of  a  decidedly 
bluish  tinge. 

These  difFerences  of  color  embairaaB  photometric  measureiaente  made  b; 
either  of  tlie  methods  described,  becaiue  it  ia  impossible  to  make  a  red  star 
look  ideotical  with  a  blue  one  by  any  mere  increase  or  diminution  of  bright- 
ness, and  because  different  obserrerg  will  differ  in  setting  the  wedge  of  on 
extinction  photometer  according  to  the  color  of  the  star.  Some  eyes  are 
abnormally  sensitive  to  blue  light,  some  to  red.  To  the  writer,  for  instance, 
Vega  is  decidedly  superior  to  Arcturua,  while  the  majority  of  observers  see 
the  ditlerence  as  decidedly  the  other  way. 

831.  Speotnim  Fhotomfltry. — The  only  completely  satisfactory  and 
scientific  method  would  be  to  compare  the  spectra  of  the  stars  with  some 
standard  spectrum,  say  that  of  the  pole  itar,  dividing  the  spectruni  into  a  con- 
siderable number  of  portions,  and  determining  and  recording  the  amount 
of  light  in  each  portion  of  the  spectrum  as  compared  with  homologous 
parts  of  the  standard  spectrum.  This,  of  course,  would  immensely  increase 
the  work  of  comparing  the  brightness  of  the  stars ;  but  it  is  quite  feasible 
to  do  it  for  a  few  hundred  of  the  brighter  ones,  and  it  would  be  well  worth 
accomplishment.  If  we  ever  succeed  m  getting  photographic  plates  equally 
sensitive  to  rays  of  all  wave  length,  photography  would  answer  the  purpose 

The  day  may  come  when  we  shall  have  "bolometers"  or  •■  radiometers" 
sufficiently  delicate  to  enable  us  to  extend  our  measures  through  the  whole 
extent  of  the  spectrum — -  the  invisible  portions  as  well  as  the  visible  —  and 
so  determine  the  total  "energy  "  aent  to  us  Jrom  a  star:  but  we  are  far  enough 
from  it  at  present. 

It  is  worth  noting,  also,  that  Minchin  has  recently  met  with  encouraging 
success  in  attempting  to  measure-  the  luminosity  of  stars  by  its  effect  in 
changing  the  electrical  resistance  of  telenium,  and  the  method  may  ulti- 
mately develop  into  something  valuable. 

833.  Stuliglit  compared  with  Butlipht — The  light  received  from 
Vega  is  about  jo^njo-VoirouiF  (<"'®  forty  thousand  millionth)  of  that 
from  the  sun,  according  to  the  determinations  of  Ziillner  and  others. 
The  measurement  is  not  easy,  and  must  be  taken  as  having  a  very 
considerable  margin  of  error. 

Sirius  is  nearly  equivalent  to  six  of  Vega,  its  light  being  about 
Tooo-iirirotro  of  the  sun's. 

The  light  of  the  standard  first  magnitude  star  may  be  taken  as 
about  half  that  of  Vega,  or  j^j^^r^J^j ^^^^  of  sunlight ;  so  that  on 
the  absolute  scale  the  sun  is  reckoned  as  of  the  — 26.3  "  magnitude." 
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Since  the  light  of  a  sixth-m^nitude  star  is  only  y^j^  of  that  of  a 
standard  first-magnitude,  it  follows  that  it  would  requite  8  OOOOOO- 
000000  stars  of  the  6th  magnitude  to  give  ua  sunlight. 

833.  Total  Light  of  the  Stars.  —  Assuming  what  is  roughly, 
though  not  exactly,  true,  that  A^elander's  magnitudes  follow  the 
standard  scale,  it  appears  that  the  324000  stars  north  of  the  equator 
enumerated  in  his  DurchmusterUTtg  give  a  light  about  equal  to  that 
of  240  first-magnitude  stars;  but  it  is  noticeable  that  the  a^regate 
amount  of  light  given  by  the  stars  in  each  of  the  fainter  magnitudes 
increases  rapidly. 

The  following  is  the  estimate,  Bubstantially  according  to  Newcomb: 
10  stars        (above  the  2d  Tnagiiitude)=     6.0  flist-magnitude  stars. 


87     « 

from  2d    to    3d 

•. 

122     " 

"      3d    to  4th 

" 

810     " 

"      4th  to  atb 

" 

1018     " 

"      5th  to  6th 

4322     " 

"      6th  to  7tb 

« 

13593     " 

"      7th  to  8th 

" 

57960     '< 

«      8th  to  9th 

" 

247544     " 

«      9th  to    flj 

" 

Total 

How  mnch  to  add  for  the  BtiU  smaller  magnitudes  ia  very  uncertain. 
Beyond  the  tenth  magnitude  the  number  of  small  stora  does  not  iucrease 
proportionate!;  fast,  bo  that  if  we  could  carry  on  the  account  of  stars  to  the 
twentieth  magnitude,  it  is  practically  certain  that  we  should  not  find  the 
total  light  of  the  aggregate  stars  of  each  succeeding  magnitude  increasing 
at  any  euch  rate  as  from  the  seventh  to  the  tenth.  Perhaps  it  would  be  a 
not  unreasonable  estimate  to  put  the  total  starlight  of  the  northern  hemi- 
sphere aa  equivalent  to  about  1500  first- magnitude  Btars,  or  that  of  the 
whole  sphere  at  8000.  This  would  make  the  total  starlight  on  a  clear 
night  about  ^  of  the  light  of  the  full  moon,  and  about  ,^-^5555  that  of 
the  sun.  The  light  from  the  stars  which  are  visible  to  the  naked  eye 
would  not  be  aa  much  as  ^  of  the  whole.  Newcomb  (1902)  estimates  the 
total  light  of  all  the  stars  as  about  equal  to  600  stars  of  magnitude  zero 
— about  one-fourth  of  the  estimate  above  mode. 

834.  Heat  tnm  the  Btan.  —  Probably  the  heat  of  a  star  bears  to 
solar  heat  about  the  same  ratio  as  that  of  their  lights ;  it  is  at  the 
very  limit  of  perception.     Stone  (1869)   thought  hia  thermopile 
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showed  sensible  effects  of  heat  from  Arcturus  and  Yega;  but  later 
work  discredited  his  results.  About  1890  Boys  with  his  much  more 
sensitive  "radio-micrometer"  failed  in  obtaining  any  distinct  indica- 
tions. The  first  certain  success  was  reached  in  1898-1900  by  Prof. 
E,  F.  Nichols  at  the  Yerkes  Observatory  with  an  apparatus  twenty 
times  as  sensitive  as  that  of  Boys.  He  obtained  measurable 
"  deflections  "  from  Ve^  Arcturus,  Jupiter,  and  Saturn. 

Aiotnrua  appeared  to  give  22  times  as  much  heat  as  Vega;  Jupiter  4.7  as 
much;  and  Saturn  [;  Vega  about  as  much  as  a  standard  candle  P  »■■/««  diatanL 

835.  Amount  of  Light  emitted  by  Certain  Stan. — This,  of  cooree, 
is  something  vastly  different  from  that  received  by  us.  A  star  may 
emit  hundreds  of  times  as  much  light  as  the  sun,  and  yet,  if  the  star 
is  remote  enough,  the  amount  that  reaches  the  earth  will  be  only  an 
excessively  minute  fraction  of  sunlight.  If  ^  be  the  amount  of  light 
that  we  receive  from  a  star,  expressed  in  terras  of  sunlight  at  the 
earth,  then  the  total  amount  of  light  emitted,  L,  is  given  by  the 
simple  equation,  f 

L  =  lXJy,OT  (nearly)  4000  000000  X  I  X  D^\ 
i> being  the  distance  of  the  star  iu  astronomical  units,  and  D^  in  "light- 
years,"  while  L  is  expressed  in  terms  of  the  sun's  light  emission. 

Turning  to  tlie  table  of  stellar  parallax  (Appendix,  Table  IV.), 
we  And  that,  according  to  Oill  Sc  Elkin,  D  for  Sirius  equals  529000; 

,  .     „.  .  r  529000»  .^„ 

whence,  for  Sinus,     i  =  ,=^^j^^— -  =  40.0 ; 

that  is,  the  light  emitted  by  Sirius  is  forty  times  as  much  as  that- 
emitted  by  the  sun. 

Similarly  for  the  pole-star  {p  =  0".07),  £  =  Ofi  ;  for  Vega  (p  =  0".16).  L  = 
4-1  ;  a  Ceiitauri  {p  =  l)".7r>).  £=].!);  70  Opliiuchi  (p  =  0".d5),  L  =  0.41 ; 
61  Cygiii  (p  =  0".40),  i  =  ^'o ;  SIS.IS  LL  {p  =  0".26),  L  =  j\,.* 

The  companion  of  Sirius  is  a  little  star  of  the  ninth  magnitude, 
which  forms  a  double-stiir  system  with  Sirius  itself.  The  light 
emitted  by  this  companion  does  not  exceed  tiistr  *''**■  of  Sirius, 

836.  Causes  of  Difierences  of  Brightneaa  in  Stars. — It  used  to  be 

thought  that  the  stars  were  all  very  much  alike  in  magnitude  and 

1  Iti  makin;;  this  calculation  the  magnitudes  of  tlie  Harvard  Photometry  were 
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oonBtitntioai  not,  indeed,  without  considerable  differences,  but  as 
much  resembling  each  other  as  do  individuals  of  the  same  race.  It 
ifl  now  quite  certain  that  this  is  not  the  case,  as  is  obvious  from  the 
short  list  of  actual  light  emissions  just  given. 

If  the  stars  w^v  all  alike,  all  the  difEerences  of  apparent  bright- 
ness would  be  traceable  simply  to  differences  of  distance;  but  as  the 
facts  are,  we  have  to  admit  other  causes  to  be  equally  effective. 
The  differences  of  brightness  are  due,  first,  to  difference  of  distance; 
second,  to  difference  of  dimenswns,  or  of  light-giving  area ;  third,  to 
diffaienoe  in  the  brilliance  of  the  light-giving  av/rfacc,  depending  upon 
difference  of  temperature  and  constitution.  There  are  stars  near  and 
remote,  large  and  small,  intensely  incandescent  and  barely  glowing 
with  incipient  or  failing  light. 

Aa  Bessel  puts  it,  there  is  no  reason  why  there  may  not  be  "  as 
many  dark  stars  as  bright  ones,"  and,  as  we  shall  soon  see,  there  is 
now  positive  evidence  that  they  are  really  numerous.  The  com- 
panion of  Sirius,  thougli  only  giving  about  yjri^g  part  as  much 
light  as  Siriiis  itself,  is  nearly  \  as  heavy;  so  that,  mass  for  mass, 
it  cannot  be  ^-^f^  part  as  luminous. 

When  we  compare  stars  by  the  thousand,  we  can  say  of  the  tenth- 
magnitude  stars,  for  instance,  as  compared  with  the  fifth,  that  as  a 
class  they  are  Tnore  remote;  and  also,  just  aa  truly,  that  their  average 
diameters  are  smaller,  and  also  that  fkeir  surfaces  are  less  bnlliant; 
but  we  must  be  careful  not  to  make  any  assertions  of  this  sort 
regarding  any  one  star  of  the  tenth  magnitude  compared  with  a 
particular  individual  of  the  fifth,  unless  we  have  some  absolute 
knowledge  of  their  relative  distances.  The  faint  star  may  be  the 
larger  of  the  two,  or  the  hotter,  or  the  nearer.  We  must  know 
something  beyond  their  relative  "magnitudes  "  l>efore  it  is  possible 
to  settle  such  questions. 

837.  Beal  Diameter  of  Btan. — As  to  the  apparent  angular 
diameter,  we  can  only  aay  negatively  that  it  is  insensible,  in  no  case 
being  known  to  reach  0".01.  If  there  be  a  star  of  the  same  diam- 
eter as  onr  sun,  at  such  a  distance  that  its  parallax  equals  one 

second,  its  apparent  diameter  must  be  •     [The  sun's  mean 

angular  diameter  is  1924"  (Art.  276).]  This  equals  0".0093  — a 
quantity  far  too  small  to  be  reached  by  any  direct  measurement, 
especially  since,  even  in  tlie  Lick  telescope,  the  "  spurious  "  disc  of 
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a  star  baa  a  diameter  of  neatly  1^",  and  in  smaller  telescopes  is  much 
larger  (about  0".4  in  a  ten-inch  telescope). 

Theie  is  a  theoretical  connection  between  the  diameter  of  the  diSraction 
rings  seen  around  the  image  of  a  star  in  the  telescope,  and  the  real  (as 
opposed  to  the  spurions)  diameter  of  the  image;  by  coropariag,  therefore,  the 
actual  Biz«  of  the  rings  with  the  size  they  should  have  if  the  star  were  an 
absolute  optical  point,  we  might  hope  to  get  a  determiiiation  of  the  star's 
angular  diameter.  Thoe  far,  however,  no  sariafactory  results  have  been 
obtained.  Michelson  has  proposed  a  somewhat  similar  method  based  on  the 
difiraction  fringes  produced  when  a  pair  of  parallel  slits  u«  placed  in  front 
of  the  object^lass  of  a  t«Iescope.  But  the  calculation  of  the  diameter  of  Uie 
stellar  diBc  depends  upon  the  assumption  &al  it  u  uniformly  luminmit  aU  ontr, 
or,  if  not,  that  we  know  the  law  of  distribntion, — assumptions  b;  no  means ' 
safe. 

In  a  single  case,  that  of  the  variable  star  Algol  (Art.  S16),  the  diameter 
has  actually  been  determined  by  the  peculiarities  of  its  variation  combined 
with  spectroscopic  observatione  (Art.  81)1)',  and  quite  possibly  other  similar 
cases  may  be  found  before  very  long.  Algol  haa  a  diameter  of  about 
1 000000  miles. 

VARIABLE  STARS. 

838.  A  close  examination  shows  that  many  stars  change  th^ 
brightness,  and  are  called  "variaiM"  The  variable  stars  may  be 
classified '  as  follows :  — 

I.   Gases  of  slow  continuous  change. 
II.   Irregular  fluctoations  of  light :  alternately  brightening  and 
darkening  without  any  apparent  law. 

III.  Temporary  staxs,  which  blaze  out  suddenly  and  then  dis- 

appear. 

IV.  Periodic  stars  of  long  period  (two  months  to  two  years). 
V.   Periodic  stars  of  short  period  (a  few  hours  to  three  weeks). 

YI.  Periodic  stars  in  which  the  variation  is  like  that  which 
would  be  the  result  of  an  eclipse  by  some  intervening 
body  —  the  Algol  type. 

839.  I.  Gradual  Ohanoes.  On  the  whole,  the  changes  in  the 
brightness  of  the  stars  since  the  time  of  Hipparchus  and  Ptolemy 
have  been  surprisingly  smalL     There  has  been  no  general  increase 

'^  This  claasification  is  subetantially  that  of  Professor  Pickering,  sli^dy 

modified,  however,  by  Houzeau. 
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or  deoiease  in  the  brightness  of  the  staxe  as  a  vhole;  and  there  are 
fe-v  cases  where  any  individual  star  has  altered  its  brightness  by  a 
half  or  even  a  qnarter  of  a  magnitude.  The  generai  appearance  of 
the  sky  is  the  same  as  it  was  2000  years  ago;  so  that  notwithstand- 
ing all  the  effect  of  proper  motions  in  the  meantime  and  the  whole 
amount  of  the  variation  that  has  taken  place  in  the  brightness  of 
the  stars,  there  is  no  doubt  that  if  either  of  these  old  astto&omere 
were  to  come  to  life  he  would  immediately  recc^nize  the  familiar 
constellations. 

There  are  a  few  instances,  however,  in  which  it  is  almost  certain 
that  change  has  taken  place  and  is  going  on.  In  the  time  of  Eratos- 
thenes the  star  in  the  "  claw  of  the  Scorpion  "  (now  /3  Librte)  was 
reckoned  the  brightest  in  the  constellation.  At  present,  it  is  a  whole 
magnitude  below  Antarea,  which  is  now  much  superior  to  any  star 
in  the  vicinity.  So  when  the  two  stars  Castor  and  Pollux  in  the 
constellation  Gemini  were  lettered  by  Bayer,  the  former,  a,  was 
brighter  than  FoUnx,  which  was  lettered  P;  but  p  is  now  notably 
the  brighter  of  the  two.  Taking  the  whole  heavens,  we  find  a 
considerable  number  of  such  oases;  perhaps  a  dozen  or  more. 

840.  Hilling  Stan.  —  It  is  a  oommon  belief  that  since  accurate 
etar^jatalogues  began  to  be  made,  many  stars  have  disappeared  and 
not  a  few  new  ones  have  come  into  existence.  While  it  would  not 
do  to  deny  absolutely  that  anything  of  the  kind  has  ever  happened, 
it  is  certainly  unsafe  to  assert  that  it  has. 

There  are  a  considerable  number  of  cases  where  stars  are  now  miasing 
from  the  older  catalogues  <u  publuhed,  —  nearly,  if  not  quite,  a  hundred,  — 
bat  in  almost  every  instance  examination  of  the  original  observaUona  shows 
that  the  place  as  printed  was  a  mistake  of  some  sort  which  can  now  be 
tnMWd,  —  sometimes  a  mistake  of  the  recorder,  eometimes  in  the  reduction 
of  the  observation,  and  sometimes  of  the  press.  Id  a  few  cases  the  star 
observed  was  a  planet  (Uranus,  Neptune,  or  an  asteroid) ;  and  in  some  cases 
the  missing  star  may  have  been  a  "  temporary  star,"  as,  for  instance,  55 
Herculis,  which  was  observed  by  the  elder  HerscheL  So  many  of  the  missing 
stars  are  now  satisfactorily  explained  ttiat  it  is  natural  to  suppose  that  the 
few  cases  remaining  are  of  the  same  sort. 

There  is  no  known  instance  of  a  new  star  appearing  and  remaining 
permanently  br^hL 

841.  IL  Stabs  that  exhibit  Irbeoular  Fluctuations  is 
Bbiqhtsess.     The  most  conspicuous  example  of  this  class  is  the 
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strange  stai  i)  Argus  (not  visible  in  the  tTnited  States).  This  star 
ranges  all  the  way  from  the  xero  magnitude  (in  1843,  when,  accord- 
ing to  Sir  John  Herschel,  it  was  brighter  than  every  star  but 
Sirius)  down  to  the  seventh  magnitude,  which  ia  its  present  bright- 
ness and  has  been  ever  since  1866.  It  is  often  called  ij  Carina,  the 
constellation  A^o-Navis  being  subdivided  into  Puppis,  Vela,  and 
Carina. 

Between  1677  (when  it  was  observed  by  Halley  as  of  the  fourth  magni- 
tude) and  1800,  it  oecillated  in  brigbtneBS,  so  far  aa  we  can  judge  from  the 
few  obser?atioDB  extant,  between  the  fourth  and  second  magnitudes.  About 
1810,  it  rose  rapidly  in  brightness,  and  between  1836  and  1850  it  was  never 
below  the  standard  tiret  magnitude.  When  brighteet,  in  1843,  it  was  giving 
more  than  25000  times  as  much  light  as  in  1865.  A  singular  fact  is  that 
the  star  is  in  the  midst  of  a  nebula  which  apparently  sympathizes  with  it  to 
some  extent  in  its  fluctuations.  (There  are  other  iuBtancea  of  connection 
of  nebulce  with  variable  or  temporary  stars,  as  will  appear  later  on.) 
F^.  220  represents  the  "lightrcurve"  of  this  object  from  1800  to  1870, 
according  to  Loomis.  It  is  barely  possible,  though  hardly  probable,  that 
the  star  may  be  periodic  with  a  period  of  about  70  years ;  but  if  so,  it  is 
unique. 
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FiQ.  !20,  —  Llght-Corre  o[  i|  Aigoj  wiDordliig  to  Loomli. 

a  OrioniB,  a  Herculis,  and  a  Cassiopeiae  behave  in  a  Bomevbat 
similar  manner,  only  the  whole  range  of  variation  in  their  brightness 
is  less  than  a  single  magnitude,  and  the  oscillations  never  extend 
over  more  than  two  or  three  years.  The  catalogue  of  variable  stars 
shows  a  considerable  number  of  other  similar  cases. 

842.  III.  Tempobakt  Stars.  There  are  fifteen  well  authen- 
ticated cases  in  which  new  stars  have  appeared  temporarily,  —  that 
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U,  for  a  few  weeks  or  months,  —  blazing  up  suddenly  and  then 
gradually  fading  away.     The  llat*  is  as  follows,  up  to  1898;  — 

The  Btar  of  Ilipparchus. 
A  star  in  Aqutla. 
.    1572  A.D.     T;fcho'B  star  in  Cassiopeia. 
,   1600  A.D.     P  Cygni,  3d  magnitude,  observed  by  Jansen. 
.   1604  A.D.     Kepler's  star  in  Ophiuchus. 

1670  A,D.     11  Vulpecute,  3d  mt^itude,  observed  by  AnUielm. 
.    1848  A.D.     A  star  of  the  Sth  m^nitude,  observed  by  Hind  —  also  in 
OphiuchuB. 
T  Scorpii,  7tb   m^^iitude,  in  the  star  cluster  M  80, 

observed  by  Auwers. 
T  Coronie-Borealis,  2d  mi^nitude. 
.   1876  A.D.     Nova  Cygni,  3d  magnitude. 

1885  A.D.     A  star  in  the  nebula  of  Andromeda,  6th  mt^nitude. 
,   1892-83  A.D.     Nova  Aurigee,  4th  magnitude. 
Nova  Norms,  7th  magnitude. 
Nova  Carina  (Argus),  8th  magnitude. 
Nova  Sagittarii,  Sth  magnitude. 

As  regards  the  first  of  these  stars,  we  know  almost  nothing.  Htpparchua 
has  left  no  record  of  its  position  or  brightness;  but  the  Chinese  annals 
mention  a  star  as  appearing  in  Scorpio  at  just  that  date,  and  probably  the 
same  object;  though  the  Chinese  observations  may  refer  to  a  comet.  The 
appearance  of  this  new  star  led  Hipparchus  to  form  his  catalogue  of  stars. 

As  to  the  second,  posdbly  a  comet,  we  know  hardly  more. 

843.  The  third  is  justly  famous.  When  it  was  first  seen  by 
Tycho  in  November,  1572,  it  was  already  brighter  than  Jupiter, 
having  probably  appealed  a  few  days  previously.  It  very  soon 
became  as  bright  as  Venus  herself,  being  even  visible  by  day.  Within 
a  week  or  two  it  began  to  fail,  but  continued  visible  to  the  naked 
eye  for  fully  sixteen  months  before  it  finally  disappeared.  It  is  not 
certmn  whether  it  still  exists  or  not  as  a  telescopic  star:  Tycho 
determined  its  position  with  as  much  accuracy  as  was  possible  to 
his  instruments ;  and  there  are  a  number  of  small  stars,  any  one  of 
which  ia  so  near  to  Tycho's  place  that  it  might  be  the  real  object. 

There  has  been  an  entirely  unfounded  notion  that  this  star  may  have 
been  identical  with  the  "  Star  of  Bethlehem,"  it  being  imagined  tbat  the 
star  is  periodicnUy  variable,  with  a  period  of  314  years.  If  so,  it  might  have 
been  expected  to  reappear  in  1886,  and  it  was  so  expected  by  certain  persons 

'See  Addendum  B,  following  page  580. 
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"  aa  a  sign  of  the  second  coming  of  the  Lord."  It  is  difficult  to  see  bow  the 
idea  came  to  be  so  generally  prevalent  as  it  certtunly  has  been.  Probsbl; 
every  astronomer  of  any  not«  has  receiTed  hundreds  of  letters  on  the  subject 
At  Greenwich  a  printed  oircolar  was  prepared  and  sent  oat  as  a  reply  to  snch 
inquiries. 

The  fifth  star,  observed  by  Kepler,  waa  nearly,  though  not  quite, 
as  bright  as  that  of  Tycho,  and  lasted  longer  —  fully  two  yeais.  It 
also  has  disappeared  so  that  it  cannot  now  be  identified. 

844.  The  ninth  star  excited  much  interest.  It  blazed  out 
between  the  10th  and  12th  of  May  as  a  star  of  the  second 
mf^itude,  remained  at  its  maximum  for  three  or  four  days,  and 
then,  in  five  or  six  weeks,  faded  away  to  its  original  faintness,  for 
it  now  is,  and  was  before  the  outburst,  a  nine  and  one-half  magnitude 
star  on  Argelander's  catalogue,  with  nothing  noticeable  to  distinguish 
it  from  its  neighbors.  While  at  the  maximum  its  spectrum  vas 
carefully  studied  by  Huggins,  and  exhibited  brightly  and  strongly 
the  bright  lines  of  hydrogen,  just  as  if  it  were  a  ann  like  our  own, 
but  entirely  covered  with  outbursting  "prominenoea"  of  incandescent 
hydrogen. 

The  tenth  star  had  a  very  similar  histoiy.  It  also  rose  to  its  full 
brightness  (second  magnitude)  on  November  24,  within  four  hours 
according  to  Schmidt,  remained  at  a  maximum  for  only  a  day  or 
two,  and  faded  away  to  inviaibility  within  a  month.  But  it  stUl 
exists  as  a  very  minute  telescopic  star  of  the  fifteenth  magnitude. 
It  was  also  apectroscopically  studied  by  several  observers  (by  Togel 
especially)  with  the  strange  result  that  the  spectrum,  which  at  the 
maximum  was  nearly  continuous,  though  marked  by  the  bright  lines 
of  hydrogen  and  by  bands  of  other  unknown  substances,  lost  more 
and  more  of  this  continuous  character,  until  at  last  it  became  a 
simple  spectrum  of  three  bright  lines  Uka  that  of  a  nebula. 

B45.  The  eleventh  of  these  temporary  stars  was  very  peculiar 
in  one  respect;  not  in  its  brightness,  for  it  never  exceeded  the  six 
and  one-half  magnitude,  but  because  it  appeared  right  in  the  midst 
of  the  great  nebula  of  Andromeda,  only  12"  or  13"  distant  from  the 
nucleus.  It  came  out  suddenly  like  all  the  others,  and  faded  away 
gradually  in  about  six  months,  to  absolute  extinction  so  far  as  any 
existing  telescope  can  show.  It  showed  under  photometric  measure- 
ments many  flactoations  in  brightness,  not  losing  its  light  smoothly 
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and  regnlarly,  but  in  a  rather  paroxysmal  manner.  Its  spectrum, 
even  when  brightest,  was  simply  continuous  without  anything  more 
than  the  merest  trace  of  bright  lines  in  it.  The  eighth  star  on  the 
list  resembled  it  in  the  fact  that  it  appeared  in  the  midst  of  a  star 
cluster. 

846».  In  Jan.  1892  a  twelfth  "  Nova  "  appeared  in  the  constella- 
tion of  Auriga,  which  at  its  brightest,  about  Feb.  5th,  was  a  star  of 
the  4^  magnitude.  Its  spectrum  (Fig.  220*)  was  very  peculiar,  show- 
ing a  great  number  of  bright  lines,  especially  thoae  of  hydrogen  and 
vith  them  alao  the  dark  lines  of  the  same  substances.  The  bright 
and  dark  lines  were  displaced  relatively  to  each  other  as  If  they 
were  respectively  due  to  at  least  two  different  masses  of  gas,  in 
swift  relative  motion '  at  the  rate  of  something  like  600  miles  a 
second,  —  the  "  bright-line  "  mass  receding  from  us,  and  the  other 
approaching. 

Id  the  autumn  the  star,  which  had  sunk  to  the  11th  magnitude,  again 
brightened  up  to  aboat  the  9th,  and  tfaes  the  spectrum  was  found  to  be 
almost,  if  oot  absolutely,  identical  with  that  of  a  planetary  nebula,  bat 
finally,  according  to  Campbell,  in  1903  became  timply  continaout. 


Fis.  SSO  *  ia  ftnni  ■  pbotognph  b]t  FTMt  M  F(it*d>iii. 

The"lTovje"of  1883, '95  and  '98  are  peculiar  in  the  fact  that  they 
were  detected  by  photography,  having  been  recognized  by  Mrs. 
Fleming  of  the  Harvard  College  Observatory  upon  both  the  chart 
plates  and  spectrum  photographs  taken  at  the  Harvard  Station  in 

1  But  see  Art.  802*.  It  is  not  certain  that  the  displacements  of  t)ie  Unea  may 
Dot  have  been  due,  partly  at  least,  to  preBsure-effectfi  accompanying  esplosiona 
or  eraptioDs  or  powibly  to  "anomalous  refrwititm."    See  Addendum  B. 
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South  America.  Their  spectra  very  precisely  resembled  tliat  of 
Nova  Aurigifi,  showing  the  same  duplex  combinatioQ  of  bright  lines 
with  dark.  It  now  seems  very  probable  that  the  "new  stars" 
would  be  not  very  uncommon  if  the  small  stars  could  all  be  closely 
watchedi  and  it  is  clear  that  there  are  important  physical  resem- 
blances between  them;  but  the  phenomena  are  not  yet  clearly 
explained. 

846.  IT.  Lono-Fesiod  Vabiables.  o  Geti  Type.  These  objects 
resemble  the  temporary  stars  in  rapidly  brightening  up  for  a  short 
time  and  then  fading  back  to  the  original  condition;  but  they  do  it 
periodically.  The  periods  are  generally  of  considerable  length,  from 
six  months  to  two  years;  but  they  are  very  apt  to  be  considerably 
irregular,  not  unfrequently  to  the  extent  of  several  weeks. 


FlO.  -m.  —  Llght-CurTM  of  Variablo  Slmit. 

The  star  o  Ceti  (often  called  Mira,  that  is,  "the  Wonderful")  may 
be  taken  as  the  type  of  this  class.  Its  variability  was  discovered  by 
Fabricius  in  1596.  During  most  of  the  time  it  remains  invisible  to 
the  naked  eye,  falling  below  the  9th  magnitude  at  its  minimum,  but 
once  in  about  eleven  months  it  runs  up  to  the  fourth,  third,  or  even 
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the  Becosd  magnitude,  and  then  back  again.  Its  brightness  increftBes 
more  rapidly  than  it  fails,  and  it  remains  at  its  maximum  for  a  week 
or  ten  days,  and  sometimee  much  longer.  The  maxima  vary  very 
much  in  brightness,  and  are  frequently  several  weeks  ahead  of,  or 
behind,  the  computed  time.  At  the  maximum  its  spectrum  is  very 
beautiful,  containing  a  iarge  number  of  intensely  bright  lines,  most 
of  which  are  due  to  hydrogen,  thoi^h  some  of  them  are  still 
unidentified.  Its  Ught-curve  is  A,  in  Fig.  221.  A  large  majority 
of  the  known  variables  belong  to  this  class.  Nearly  all  of  them 
are  notably  reddish  in  color,  and  most  of  them  show  a  colonnaded 
spectrum  marked  with  bright  lines. 

847.  V.  Shobt-Pxbiod  Vabiablbs.'  Ttpb  of  ^  Aquils  and 
j8  Ltbx.  In  these  the  periods  range  from  three  and  one-fourth 
hours  (that  of  XX  Cygni,  the  shortest  known  at  present)  to  three 
weeks,  and  the  light  of  the  star  fluctuates  all  the  time.  In  many 
oases  there  are  two  or  more  minima  in  a  complete  period,  accom- 
panied by  complicated  spectroscopic  phenomena  of  bright  and  dark 
lines,  which  shift  their  places,  and  double  and  undouble  themselves 
in  a  very  interesting  and  significant  way.  (See  Art.  872*.)  The 
light-curves  of  i]  Aquilae  and  fi  Lyree  are  given  at  B,  Fig.  221. 

848.  yi.  Yabiables  of  the  Algol  Type.*  The  sixth  and  last 
class  consists  of  stars  which  seem  to  suffer  a  partial  eclipse  at  short 
intervals.  Of  this  type  of  stars,  Algol,  or  j8  Persei,  may  be  taken 
as  the  most  conspicuous  representative.  Its  period  is  2^  2&'  48""  65*.4, 
which  is  subject  to  almost  no  variation,  except  certain  slow  changes 
that  appear  to  be  the  result  of  some  unknown  disturbance.  During 
most  of  the  time  the  star  remains  of  the  second  magnitude.  At  the 
time  of  obscuration  it  loses  about  five-sixths  of  its  light,  falling  to 
the  fourth  magnitude  in  about  four  and  one-half  hours,  remaining 
at  the  minimum  for  about  twenty  minutes,  and  then  in  three  and 
one-half  hours  recovering  its  original  condition.  During  the  mini- 
mum the  spectrum  undergoes  no  considerable  change  in  its  appear- 
ance,  but  during  the  whole  period,  as  will  be  presently  explained, 
the  lines  in  it  regularly  shift  their  positions.     (See  Art.  851.) 

The  periods  are  all  short,  ranging  from  four  hours  to  thirteen 
days  five  hours.  About  sixty  stars  are  known  at  present  to  belong 
to  this  class. 


'  See  Addendum  C. 


D.oiliz.oB,GoOglc 


BXPLANATION  OP  VAEIABILim. 


849.  EzplukatioiL  of  Tariabilit7. — Evidently  no  single  ezplana- 
tion  will  hold  for  all  the  different  clasaea.  For  the  gradoolly  pro- 
gressive changes  no  explanation  need  be  looked  for;  on  the  contrary, 
it  is  surprising  that  suoh  changes  are  no  greater  than  they  are,  f(ff 
the  stars  are  all  growing  older. 

As  for  the  iiiegulax  changes,  no  sure  account  can  yet  be  given  of 
them.  Where  the  range  of  variation  is  small,  as  it  is  in  most  cases, 
one  thinks  of  spots  on  the  surface  like  those  of  our  own  sun  (but 
much  more  extensive  and  numerous),  and  running  through  a  period 
just  as  our  sun  spots  do.  Let  a  star  with  such  spots  upon  it  revolve 
on  its  own  axis,  as  of  course  it  must  do,  and  in  the  combination  we 
have  at  least  a  possible  explanation  of  a  great  proportion  of  all  the 
known  cases,  both  the  irregular  variables  and  the  regularly  periodic. 
Many  of  the  spectroscopic  phenomena  of  the  temporary  stars  and 
of  some  of  the  long-period  variables  closely  resemble,  on  a  slightly 
minified  scale,  those  that  are  observed  in  the  solar  chromosphere 
and  prominences.  The  same  bright  lines  of  hydrogen  and  helium 
appear,  and  the  same  behavior  of  gaseous  masses,  distorting  and 
displacing  the  lines.  The  facta  strongly  surest  in  these  cases  a 
theory  of  "  explosions  "  or  eruptions. 

860.  ColUaion  Theory.  —  For  the  temporary  stars,  and  those 
1  of  the  o  Ceti  type,  Sir 
Korman  Lockyet  (in  con- 
nection with  a  much  more 
extended  subject)  sug- 
gests a  "collision  theory," 
illofltrated  by  Pig.  221  •. 
The  fundamental  idea 
that  the  phenomena  of 
the  temporary  stars  may 
be  due  to  collisions  is  not 
new.  Newton  long  ago 
brought  it  out,  and  to  some 
extent  discussed  it;  but 
considering  the  probable 
diameters  of  the  stars  as 
compared  with  the  dis- 
tances between  them,  it 
seems  impossible  that  collisions  could  have  been  frequent  enough  to 
account  for  the  number  of  temporary  stars  actually  observed. 


FiO.  3Z1  *. — Tha  Colltilon  Thaoi7  of  Yvlkble  Stan. 
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Lockyer,  hovever,  imagines  that  the  temporary  stars,  and  also 
variable  Btars  of  the  o  Ceti  class,  are,  in  their  present  stage  of 
derelopment,  not  compact  bodies,  but  only  pretty  dense  swarms  of 
meteorites  of  oonsiderable  extent,  each  accompanied  by  another 
smaller  one  revolving  around  it  in  an  eccentric  orbit,  just  as  comets 
revolve  around  the  sun,  or  as  the  components  of  double  stars  revolve 
around  each  other.  He  supposes  that  the  perihelion  distance  is 
so  small  that  the  swarms  interpenetrate  and  pass  through  each 
other  at  the  perihelion,  which  could  happen  without  disturbing  the 
general  motion  of  either  of  the  two  meteoric  flocks ;  but  while  they 
are  thus  passing,  the  collisions  are  immensely  increased  in  number 
and  violence,  with  a  corresponding  increase  in  the  evolution  of 
light.  There  are  many  good  points  about  this  ingenious  theory, 
but  also  serious  objections  to  it  —  as,  for  instance,  the  great  irregu- 
larity of  the  periods  of  stars  of  this  class,  an  irregularity  which 
seems  hardly  consistent  with  such  aji  orbital  revolution. 

8fil.  Stellar  EelipiOL  —  As  to  the  Algol  t^pe,  the  natural  expla- 
nation is  by  means  of  an  eclipse  of  some  sort.  The  interposition  of 
a  more  or  less  opaque  object  between  the  observer  and  the  star,  —  a 
dark  companion  revolving  around  it, —  would  produce  just  the  effect 
observed,  as  vas  suggested  by  Goodricke  a  century  ago.  That  this 
is  really  the  case  has  now  been  practically  demonstrated  by  the 
spflctroBCopic  work  of  Vogel  in  1889,  who  found  by  the  method 
indicated  in  Art.  802  *  that  from  twelve  to  eighteen  hours  before 
the  obscuration,  Algol  is  receding  from  us  at  the  rate  of  nearly 
twenty-seven  miles  a  second,  while  after  the  minimum  it  approaches 
US  at  the  same  rate.  This  is  just  what  it  ought  to  do,  if  it  had  a 
large,  dark  companion,  and  the  two  were  revolving  around  their 
common  centre  of  gravity  in  an  orbit  nearly  edgewise  to  the  earth. 
When  the  dark  star  is  rushing  forward  to  interpose  itself  between 
OS  and  Algol,  Algol  itself  must  be  moving  backwards,  and  vice  versa 
when  the  dark  star  is  receding  after  the  eclipse.  Yogel's  conclusions 
are,  that  the  distance  of  the  dark  star  from  Algol  is  about  3260000 
miles;  that  their  diameters  are  respectively  about  840000  and 
1060000  miles;  that  their  united  mass  is  about  two-thirds  that  of 
the  sun;  and  their  density  about  one-fifth  that  of  the  sun,  —  not 
much  greater  than  that  of  cork,     ^ee  Fig.  222. 

Furthermore,  from  the  variations  in  the  observed  period  of  the 
star,  Eluded  to  in  Art.  848,  combined  with  certain  minute  irregu- 
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larities  Id  its  '  proper  motion,'  Gbandler  has  shown  it  to  be  likely 
that  this  swiftly  moviiig  pair  is  itself  revolving  around  another 
distant  and  invisible  star  in  an  orbit  about  as  large  as  that  of 
Uranus,  with  a  period  of  about  130  years.  Tiaserand,  however, 
suggests  a  different  explanation,  depending  on  a  slow  revolution  of 
the  apsides  of  the  orbit. 


FlO.  222.    Syateiu  af  Algol. 


In  the  case  also  of  8  Cephei  and  ^  Lyrce  (of  Class  V.)  the  observa- 
tions of  Belopolsky,  Loekyer,  and  others  have  made  it  nearly  certain 
that  two  or  more  bodies  in  orbital  revolution  are  concerned  in  their 
phenomena,  the  variations  in  the  light  being  in  part  at  lea£t  due  to 
a  more  or  less  complete  eclipse,  but  also  in  part  to  other  (tidal  ?) 
interactions  which  are  not  yet  clear.  It  is  not  unlikely  that  all  the 
punctital  variables  (those  that  keep  accurate  time  in  their  light 
changes)  may  turn  out  to  he  spectroscopic  binaries  (Art.  879), 

In  certain  cases  {Y  Cygni  and  Z  Herculis),  the  odd  and  even 
minima  occur  at  unequal  intervals,  indicating  a  very  eccentric  orbit 

852.  Number  and  Designation  of  Tariables.' —  The  "Third  Cata- 
logue of  Variable  Stars,"  by  Dr.  S.  C.  Chandler,  published  in  1896, 
contains  393  stars  of  which  the  variation  is  regarded  as  certain- 

<  8ee  Addendum  C. 
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About  300  aie  unqaestionably  periodic,  of  which  about  260  beloog 
to  the  o  Geti  type,  29  to  the  ^  Aquilfe  class,  aod  14  to  the  Algol 
group.  There  are  half  a  dozen  or  so  with  periods  apparently 
between  twenty-five  and  sixty  days,  leaving  it  donbtfal  how  they 
should  be  olassed.  About  thirty  are  distinctly  irregular  in  their  vari- 
ation, and  there  are  about  fifty  in  respect  to  which  the  periodicity 
is  not  yet  either  ascertained  or  disproved.  The  catalogue  is  followed 
by  a  second  list  of  154  stars  which  are  "suspected"  of  variatiou. 
The  number  of  known  variables  had  nearly  doubled  since  Mr. 
Chandler  published  his  first  catalogue  in  1888,  and  it  is  still  growing 
rapidly.     The  new  variables  are  mostly  "  teleaoopic" 

Table  VI.  in  the  Appendix  prewnta  the  principal  data  for  the  naked-eye 
variables  which  are  visible  in  the  United  States. 

When  a  star  is  discovered  to  be  variable  which  previoualj  had  no 
special  appellation  of  its  own,  it  is  customary  to  designate  it  bj  one 
of  the  laat  letters  in  the  alphabet,  beginning  with  R.  Thus  B  Si^ttarii 
is  the  firat  discovered  variable  in  Sagittarius;  S  Sagittorii  is  the  second; 
T  Sagittarii,  the  third,  and  so  on.  But  we  have  P  and  Q  Cygni,  both 
"  temporaries." 

853.  Bai^  of  Variation.  —  In  many  cases  the  whole  range  is 
only  a  fraction  of  a  magnitude  (especially  among  the  more  newly 
discovered  variables),  but  in  a  great  number  it  extends  from  four 
to  eight  magnitudes,  the  maximum  brightness  exceeding  the  mini- 
mum by  from  fifty  to  a  thousand  times;  and  in  a  few  cases  the 
range  is  greater  yet.  Kot  unfrequently  considerable  changes  of 
color  accompany  the  changes  of  brightness;  the  star  as  a  rule  being 
whiter  at  its  maximum,  and  frequently  showing  bright  lines  in  its 
spectrum. 

854.  Xethod  of  ObiemtioiL — There  is  no  better  way  than  that 
of  comparing  the  star  by  the  eye,  or  with  the  help  of  an  opera-glass 
or  small  telescope, with  surrounding  stars  of  about  the  same  bright- 
ness at  the  time  when  its  light  is  near  the  maximum  or  minimum; 
noting  to  which  of  them  it  ia  just  equal  at  the  moment,  and  also 
those  which  are  a  shade  brighter  or  fainter. 

It  is  possible  for  an  amateiir  to  do  really  valuable  work  in  this  way,  by 
putting  himself  in  relation  with  some  observatory  which  is  interested  in  the 
subject  The  observations  themselves  require  so  much  time  that  it  is  diffi- 
cult for  the  working  force  in  a  regular  observatory  to  attend  to  the  matter 
^i^erly,  and  outside  assistance  is  heartily  weloomed  in  gathering  the  needed 
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facts.  The  observations  tbemaelres  are  not  specialty  difficult,  inquire  no 
very  great  labor  or  mathematical  skill  in  their  reduction,  and,  u  has  been 
said,  can  be  made  without  iDBtrumeDts;  but  they  require  patience,  assiduity, 
and  a  keen  eye. 

Photogtapliy  also  baa  lately  come  to  the  front  as  a  most  effective 
method.  A  very  lai^  proportion  of  the  variables  discovered  within 
the  last  few  years  have  been  found  by  the  comparison  of  the  photo- 
graphic star-charts  made  at  Cambridge  and  at  the  Harvard  South 
American  Stations.  In  several  cases  the  photographed  spectrum  of 
a  star  has,  by.  its  peculiar  "  colonnaded  "  character  and  bright  lines, 
attracted  the  attention  and  marked  it  as"Buspiciou3";  and  in  nearly 
every  case  the  suspicion  has  been  verified. 

Sfil*.  Tsriable-Star  Clniten.*— One  of  the  most  interesting  and 
even  startling  results  of  stellar  photography  is  the  discovery  of 
variable-star  clusters,  announced  by  Professor  Pickering  in  1895. 
Attention  had  been  called  to  certain  clusters  by  the  visual  discovery 
of  one  or  two  variables  in  them,  and  Mr.  Bailey,  who  for  several 
years  has  been  in  charge  of  the  Southern  photographic  operatioDS, 
soon  obtained  a  large  number  of  negatives  of  several  of  them,  and 
immediately  found  that,  while  many  clusters  show  no  variables, 
others  contain  a  great  number.  In  the  cluster  known  as  "Messier 3 
(in  Canes  Venatici),"  132  have  been  detected;  in  m  Centauri,  122; 
in  Messier  5  (in  Libra),  85 ;  and  in  a  cluster  known  as  "  K.  G.  C. 
7078,"  51.  In  all  five  hundred  and  fourteen  have  been  found  by  Mr. 
Bailey  in  globular  clusters.  The  periods  are  not  yet  fully  deter- 
mined, but  the  changes  are  very  rapid,  so  that  two  photographs  of 
Messier  5  taken  only  two  hours  apart  show  a  dozen  cases  in  which  the 
variation  of  brightness  amounts  to  a  full  magnitude. 

STAB   SPECTRA. 

(If  this  book  were  to  be  written  de  novo,  the  sections  upon  stellar  spectni 
would  be  placed  almost  at  the  beginuing  of  Chapter  XX.,  since  in  dealing 
with  the  Btar-motions,  and  the  peculiarities  of  variable  stars,  it  is  now  con- 
tinually necessary  to  refer  to  spectroscopic  phenomena,  most  of  which  havt 
been  discovered,  or  become  practically  important,  since  the  first  preparatioD 
of  the  work  in  1888.) 

856.  In  1824  Fraunhofer,  in  connection  with  his  stndy  of  the 
lines  of  the  solar  spectrum,  investigated  also  the  spectra  of  certain 

>  See  Addendum  C,  following  page  680. 
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stars,  using  an  apparatus  essentially  similar  to  that  Thlcli  is  aov 
employed  at  Cambridge.  He  placed  a  prism  in  front  of  the  object- 
glass  of  a  small  telescope  and  looked  at  the  stars  through  this,  using 
a  cylindrical  lens  in  the  eye-piece  to  widen  the  spectrum,  irhich 
otherwise  would  be  a  mere  line. 

He  found  that  SiriuB,  Castor,  and  many  other  stars  show  very  few  dark 
lines  in  their  epectrurn,  but  strong  ones)  while,  on  the  other  hand,  the 
spectra  of  Follnz  (p  Geminoruro)  and  Capella  resemble  closely  the  spectrum 
of  the  sun.  In  all  the  spectra  he  recognized  the  D  line,  although  it  was 
not  then  known  that  it  had  anything  to  do  with  sodium. 

866.  ObiervationB  oi  Hage:mB  and  SeoohL — Almost  as  soon  as 
the  spectroscope  had  taken  its  place  as  a  recognized  instrument  of 
science  it  was  applied  to  the  study  of  the  stars  by  Butherfurd  and 
Huggins,  and  Secchi  followed  hard  in  their  footsteps.  Huggins 
(now  Sir  William)  studied  the  spectra  of  comparatively  few  stars, 
but  with  all  the  dispersive  power  he  could  obtain,  and  in  detail ; 
while  Secchi,  using  a  much  less  powerful  instrument,  examined 
several  thousand  star  spectra,  in  a  more  general  way,  for  purposes 
of  classification. 

Hu^ns  identified  with  considerable  certainty  in  the  spectra  of 
a  Orionia  (Betelgeuze)  and  a  Tauri  (Aldebaran)  a  number  of  elements 
that  are  familiar  on  the  earth,  and  are  most  of  them  prominent  in 
the  solar  spectrum.  In  the  former  he  reported  sodium,  magnesium, 
calcium,  iron,  bismuth,  and  hydrogen;  and  in  a  Tauri,  in  addition, 
tellurium,  antimony,  and  mercuryj  but  these  latter  metals  haye  not 
yet  been  verified. 

8S7.  Claauflcation  of  Stellar  SpMtra. — Secchi,  in  his  spectro- 
scopic survey,  found  that  the  4000  stars  which  be  observed  could 
all  be  reduced  to  four  classes,  and  although  his  classification  can 
now  be  regarded  as  provisional  only,  and  by  no  means  complete  or 
satisfactory,  yet  it  is  more  generally  used  than  any  other,  either 
in  its  simple  form,  or  with  subdivisions  and  modifications  such  as 
Vogel,  Pickering,  and  others  have  introduced. 

According  to  Secchi :  — 

The  first  class  comprises  the  white  or  hhte  stars.  To  it  beloug  Sirius 
and  Vega,  and,  in  fact,  considerably  more  than  half  of  all  the  stars 
examined.  The  spectrum  is  characterized  by  the  great  strength  of 
the  hydrogen  lines,  which  are  wide,  hazy  bands,  much  like  the  M 
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and  K  Unee  in  the  solar  spectnim.  Other  lineB  are  extremely  faint 
or  entirely  absent;  the  K^  line  especially,  which  in  the  aolar  spec- 
trum is  especially  prominent,  in  the  spectra  of  most  of  these  stais 
is  hardly  visible. 

The  SMond  clou  is  also  numerous,  and  m  composed  of  start  uritk  a 
spectrum  substantially  like  that  of  our  sun.  The  JI  and  K  lines  are 
both  strong.  Capella  and  Pollux  (fi  Geminorum)  are  prominent 
examples  of  this  class.  There  are  certain  stars  which  form  a  con- 
necting link  between  these  two  first  classes,  stars  like  Frocyon  and 
a  Aquilffi,  which,  while  they  show  the  hydrogen  lines  very  strongly, 
also  exhibit  a  great  number  of  other  lines  between  them.  The  first 
and  second  classes  together  embrace  fully  seren-eighths  of  all  the 
e  he  observed. 


—  B«aohl-i  Trpea  of  Stellw  Bpeotn. 


Tks  third  does  includes  moat  of  the  red  and  variable  stars,  some 
500  in  number,  and  the  spectrum  is  characterized  by  dark  band* 
instead  of  lines  (though  lines  are  generally  present  also).    These 

>  In  Stan  of  this  cUu  the  "HUne"  in  their  qiectia  Is  not  the  H"  lies  of  co^ 
eivm,  but  the  EpsUoa  line  at  hydrogen  (B<),  which  lies  close  to  the  calcian 
line,  ushown  in  Fig.  IIB",  Art.  326.  In  stois  of  tlie  second  or  "solar"  elm, 
on  the  contrary,  both  B  and  K  are  practically  doe  to  calcinm  alone,  the  hydro- 
gen line  being  very  Inoonapicuous. 
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bands,  not  yet  identified  as  to  origin,  shade  from  the  blue  towards 
the  red;  that  is,  they  are  sharply  defined  and  darkest  at  the  more 
refrangible  edge.  Occasionally  in  spectra  of  this  type  some  of  the 
hydrogen  lines  are  bright,  a  Herculis,  a  Orionis,  and  Mira  (o  Ceti) 
are  fine  examples  of  this  third  class. 

TIte  fourth  class  is  composed  of  a  very  small  number  of  stars,  less 
than  sixty  so  far  as  known,  mostly  small  red  stars.  This  spectrum 
is  also  a  banded  one ;  but  compared  with  the  third  class  the  bands 
(probably  due  to  carbon)  are  reverted,  that  is,  are  shaded  towards  the 
blue.  These  generally  show  also  a  number  of  bright  lines.  None 
of  the  conspicuous  stars  belong  to  this  class — none  above  the  fifth 
magnitude.  The  sixth  magnitude  star,  152  Schjellenip,  may  be 
taken  as  its  finest  example  (0,12"  40°;  &,  +46°  69',  in  the  constella- 
tion of  Canes  Venatici).  Fig.  223  exhibits  the  light^urves  of  these 
four  types  of  spectrum.' 

There  are  many  etara  whicji  seem  in  their  spectroscopic  characteristicg  to 
lie  between  classes  1  and  2;  and  there  are  others  which  cannot  be  said  to 
belong  to  either  of  the  four.  Pickering  has  proposed  a  ^Jlh  class,  mainly 
to  include  a  small  group,  known  as  the  "  Wolf-Rayet  stars  "  with  a  very 
peculiar  spectrum  of  bands  and  bright  lines.  Nearly  sereDty  are  known  at 
present,  all  faint,  and  all  in,  or  near,  the  milky  way  and  Magellanic  clouds. 
They  seem  to  hold  an  important  place  in  the  still  obscure  theory  of  stellar 
development. 

858.    Yogel  has   revised   Secchi's   classification  of   spectra  as 
follows,  making  only  three  main  classes,  but  with  subdivisions: 
I.     (a)  Same  as  Secchi's  I.     The  white  stars. 

(h)  Nearly  continuous ;    all  lines  wanting  or  very  faint. 

;3  Orionis  is  the  type, 
(e)  Showing  the  lines  of  hydrogen  bright,  and  also  the 
helium  line  A  (Art.  323). 
II.     (a)  Same  as  Secchi's  II. 

1  It  is  difficult  to  represent  spectra  accurately  by  any  process  of  engraving  that 
can  be  readily  reproduced  in  a  book  like  the  present.  The  curve,  on  the  other 
hand,  is  easily  managed,  and,  though  it  does  not  please  the  eye  like  the  spectrum 
Itself,  it  is  capable  of  conveying  all  the  information  that  could  be  obtained  from 
tbe  most  finished  engraving.  Dark  lines  are  represented  by  lines  running  doum- 
toard  from  the  upper  boundary  line  of  the  curve,  and  bright  lines  by  lines  running 
vpiBord,  while  tbe  bands  and  their  shading  are  represented  by  varialionB  In  On 
contour  of  tlie  onrve. 
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(b)  Like  11.  (a),  but  showiDg  br^ht  lines  wbioh  are  tut  the 
lines  of  hydrogen  or  helium.    (The  Wolf-Bayet  stars.) 

III.     (a)   Same  as  Secchi's  UI. 
(6)   Same  as  Secchi's  IV, 

Yogel's  classification  ia  based  in  part  on  the  very  doubtful  assumption 
that  sttirs  of  Class  I,  are  hottest  and  also  youngest,  while  the  other  claasee 
belong  io  stars  which  are  either  beginning  to  fail  or  are  already  far  gone  in 
decrepitude.  But  it  is  very  far  from  certain  that  a  red  star  ia  not  just  as 
likely  to  be  youuger  than  a  white  one,  as  to  be  older.  It  probably  is  now 
at  a  lomtr  temperature,  and  possesses  a  more  extensive  envelope  of  gases;  hot 
it  may  be  increasing  in  temperature  as  well  as  decreasing.  At  any  rate  we 
have  no  certain  knowledge  about  its  age. 

Since  the  identification  of  ieliam  and  ita  numerous  lines  in  the  solar 
spectrum,  its  lines  have  also  been  recognized  in  the  spectra  of  many  stara 
(especially  numerous  in  Orion),  and  seem  likely  to  throw  much  light  on 
their  classification.  Togel  has  taken  them  into  acconnt  in  a  modified  fonn 
of  his  system,  which  we  have  not  space  to  present. 

Sir  Norman  Lockyer  has  also  proposed  a  very  elaborate  classifioation, 
based  on  his  "  Meteoritio  Theory  "  of  stellar-development  (see  Ait.  026). 

858.    Fbotogrniphy  oi  Stellar  Spectra.  —  As  early  as  1863  Hu^ins 

attempted  to  photograph  the  spectrum  of  Vega,  and  succeeded  in  getting  an 
impression  of  the  spectrum,  but  without  any  of  the  lines.  In  1872  Dr. 
Henry  Draper  of  New  York,  working  with  the  reflector  which  he  had  him- 
self constructed,  succeeded  in  getting  an  impression  of  the  spectruTQ  of  the 
same  star,  showing  for  the  first  time  four  of  its  hydn^n  lines.  The  inbv- 
duction  of  the  more  sensitive  dry  plates  in  187S  induced  Mr.  Huggins  te 
resume  the  subject  (as  did  Dr.  Draper  soon  after),  and  they  soon  succeeded 
in  getting  pictures  showing  many  lines.  The  spectra  were  abont  half  an 
inch  long  by  ^  or  ^  of  an  inch  wide.  After  the  lamented  death  of  Dr. 
Draper  in  1882,  Professor  Pickering  took  up  the  work  at  Cambridge  (D.  S.); 
and  with  such  success  that  Mrs.  Draper,  who  had  intended  to  establish  and 
to  endow  her  husband's  observatory  as  an  establishment  for  astro-physical 
research,  and  a  most  fitting  monument  to  his  memory,  concluded  to  transfer 
the  instrumente  to  Cambridge,  and  there  establish  the  "Draper  Memorial,'' 
which  has  already  accomplished  so  much  for  spectroscopic  astronomy.  Other 
observers  have  followed  on,  both  in  Europe  and  in  this  country;  and  it  is 
hardly  too  much  to  say  that  four-fifths  of  all  stellar  spectroscopic  work  is  now 
done  by  photography.  Spectra  too  faint  to  be  even  seen  by  the  eyecanbo  photo- 
graphed, and  so  studied  in  their  minutest  peculiarities;  and  with  the  continual 
improvement  of  our  plates  the  range  of  possible  observation  increases  daily. 

860.  The  Slitleu  Bpeotroioope.  —  Professor  Pickering  has  at^ 
tained  his  remarkable  success  by  reTertiog  to  the  "  slitless  spectto- 
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scope,"  arranged  in  the  manner  first  nsed  by  Fraanhofer,  and  later 
rerived  by  Secchi.  The  instrument  consists  of  a  telescope  with  the 
oif'eetive  corrected  not  for  the  viisuai,  but  for  the  photographic  rat/a, 
eqoatorially  mounted  and  carrying  tn  Jront  of  the  object-glaaa  one  or 
more  "  objective-prisms  "  with  a  refracting  angle  of  from  10°  to  30', 
and  large  enough  to  cover  the  whole  lens. 

The  lefnusting  edge  of  the  prism  is  placed  eaat  and  west,  bo  that  the 
linear  spectnun  of  a  star  formed  on  a  plate  at  the  facue  of  the  object-glaaa 
rans  north  and  south.  If,  now,  the  clock-work  of  the  instrument  is  adjusted 
to  follow  the  star  exactly,  the  image  (i.e.,  the  spectrum)  will  be  a  mere  line, 
broken  here  and  there  where  the  dark  lines  of  the  spectrum  should  appear. 
By  merely  retarding  or  accelerating  the  clock  a  trifle,  the  linear  spectrum 
will  drift  a  little  sidewtse  upon  the  plate,  and  so  will  form  a  spectrum  having 
a  width  depending  on  the  amount  of  this  drift  during  the  time  of  exposure. 
If  the  air  is  calm  the  lines  of  the  spectrum  thus  formed  are  as  clean  and 
sharp  as  if  a  slit  were  used;  otherwise  not. 

861.  The  instrument  hitherto  most  nsed  in  this  work  at 
Cambridge  is  Dr.  Draper's  eleveu-inch  photographic  refractor, 
with  fonx  huge  glass  prisms  in  a  box  in  front  of  the  object- 
glass,  arranged  as  indicated 
in  Fig.  224.  With  this 
apparatus,  photographic  ■ 
spectra  of  the  brighter 
stars  are  now  obtained  hav- 
ing, before  enlargement,  a 
length  of  folly  three  inches 
from  F  in  the  blue  of  the 
spectrum  to  the  extremity 
of  the  ultra  violet.  It  ia 
a  pity,  of  coarse,  that  the 
lower  portions  of  the  speo- 

trum    below   F    cannot    be  Airui8Biii™toflhB"objeotlTHirten«. 

reached  in  the  same  way; 

but  no  plates  sufficiently  sensitive  to  green,  yellow,  and  red  rays  have 
yet  been  found.  The  exposure  necessary  to  obtain  the  impression  of 
even  the  most  powerful  photographic  rays  is  from  half  an  hour  to  an 
hour.  Fig.  225  is  enlarged  about  one-third  from  one  of  these  photo- 
graphs of  the  spectrum  of  Yega,  which  extends  far  into  the  ultra  violet. 
At  the  extreme  left,  the  flgure  fails  to  show  properly  the  perfect  regularity 
with  which  the  hydrogen  hnes  crowd  closer  and  closer  together,  in  exact 
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accordance  with  a  remarkable  fonnula  diecovered  by  BaliDer  in  1885,  viz., 
X  =  Aj>  —5 — 7,  in  which  m  takes  BucceBBivel;  the  values  3,  4,  6,  etc..  A, 
being  3Q16.1.     (See  note  at  end  of  the  chapter,  p.  538.) 

These  spectra  bear  tenfold  eolargement  perfectly,  making  them 
more  than  two  feet  long  by  two  inobes  in  width,  and  then  in  the 
speetmm  of  such  a  star  as  Capella  they  show  hundreds  of  lines. 
It  is  simply  amazing  that  the  feeble,  twinkling  light  of  a  star  can 
be  made  to  produce  such  an  autographic  record  of  the  substance 
and  condition  of  the  inconceivably  distant  luminary. 

SeTer^  other  photographic  telescopea  of  much  larger  aize,  both  in  Europe 
and  in  America,  are  now  fitted  irith  objectiTe-prisms.  The  Bruce  telescope 
of  24  inches  apertore,  which  has  ah«ady  been  mentioned  (Art.  798*),  b  at 


Tia.  3B.  —  Photogrsphla  Spectrum  of  TsgL    Cambridge,  KSI. 

present  the  largest.  Theoretically,  a  diffraction  grating  would  answer  the 
same  purpose  aa  a  priam,  and  some  experiments  have  been  made  as  to  the 
practicability  of  constructing  such  a  grating  for  use  with  the  great  Yerkes 
telescope,  by  following  Fraunhofer's  original  plan  of  winding  fine  wires  upon 
a  pair  of  finely  threaded  screws.  Promising  eiperimeuta  are  also  being 
made  with  concave  gratinga. 

In  etitl  another  form  of  instrument,  the  spectroscope  is  attached  to  the 
eye  end  of  the  telescope  just  aa  usual,  the  slit  of  the  collimator  being  simpl; 
omitted. 

862.     Feoaliar  AdvantagM  of  the  Slitlest  Speotroteope. — The 

slitless  spectroscope  has  three  great  advantages.  First,  that  it 
utilizes  all  the  light  that  comes  from  the  star  to  the  object-glass, 
much  of  which  in  the  usual  form  of  the  instrument  is  lost  in  the 
jaws  of  the  slit.  Secondly,  that  by  taking  advantage  of  the  length 
of  a  large  telescope,  it  produces  a  very  high  dispersion  with  even  a 
single  prism.  Thirdly,  and  most  important,  it  gives  on  the  same 
plate  and  with  a  single  exposure  the  spectra  of  all  the  many  stars 
whose  images  fall  upon  it.  With  the  smaller  eight-inch  instrument 
made  at  Cambridge,  and  one  prism,  as  many  as  100  or  150  spectra 
are  sometimes  taken  together;  as,  for  instance,  in  a  spectrum  photo- 
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^raph  of  the  Pleiades.  For  purposes  of  "  reconuoissaDce,"  there- 
fore, where  the  object  is  to  obtain,  compare,  and  classify  the  spectra 
of  thousands  of  stars,  this  form  of  instrument  is  onrivalled. 

863,  DiiadvantageB  of  the  Slitlesi  Speotroioope. — Per  contra, 
the  giving  up  of  the  slit  precludes  all  the  usual  methods  of  identify- 
ing the  lines  by  actually  confronting  them  with  comparison  spectra.; 
the  comparison  prism  (Art.  315)  cannot  be  used.  This  makes  it 
extremely  difficult  to  utilize  these  magnificent  pictures  for  purposes 
of  scientific  measurement. 

Several  methods  have  been  proposed  by  which,  theoretically,  the  difficulty 
might  be  overcome;  none  of  them,  however,  ofier  any  practical  approach  to 
the  accuracy  obtainable  with  slit-spectroscopes,  which  up  to  the  present  time 
have  been  exclusively  used  by  Vogel,  Frost,  and  Campbell  in  all  absolute 
measurements  of  motion  in  the  line  of  sight,  all  determinations  of  wave- 
length, and  all  trustworthy  identificationB  of  steUar  elements.  In  certain 
cases  of  relative  motion,  however  (Art.  870),  objective-priam  Bpectroscopes 
have  already  done  good  work,  and  Professor  Pickering  has  very  lately  (1806) 
devised  a  most  ingenious  method  of  extending  their  range  to  a  determination 
of  the  motions  of  all  the  stars  of  a  group  relative  to  some  one  selected  as  a 
reference  point.  Two  photographs  of  the  spectra  are  made,  one  with  the 
telescope  on  one  side  of  the  pier,  and  the  red  ends  of  all  the  spectra  towards 
the  north,  say.  Then  the  telescope  is  reversed  to  the  other  side  of  the  pier, 
and  a  second  n^ative  is  made  in  which  the  Epectra  will  have  their  red  ends 
to  the  toutk.  Moreover,  this  second  negative  is  made  with  the  sensitive  film 
turned  taaig  froin  the  object-glass.  On  putting  the  two  plates  together,  with 
films  next  each  other,  and  making  the  two  spectra  of  the  "  guide-star  "  coin- 
cide, all  the  other  spectra  will  also  coincide;  —  exactly,  in  cases  where  the 
"  radial-motion  "  of  the  stars  is  the  same  as  that  of  the  guide^tar :  otherwise 
there  will  be  a  slight  want  of  coincidence  in  the  lines  that  ought  to  agree, 
and  half  this  difference  of  position  will  be  the  "  displacement "  of  the  spec- 
trum Unes  due  to  the  difference  between  the  radial  velocity  of  the  guide-star 
and  that  of  the  star  in  question.  The  method  has  been  tried  upon  the 
Pleiades,  but,  rather  disappointingly,  did  not  bring  out  any  evidence  of  a 
general  rotation  of  the  cluster  around  its  centre. 

864.  Twinkling  or  ScintilUtion  of  the  Stan.  —  This  is  a  purely 
atmospheric  effect,  usually  violent  near  the  horizon  and  almost  null 
at  the  zenith.  It  differs  greatly  on  different  nights  according  to  the 
steadiness  of  the  air. 

If  the  spectrum  of  a  star  near  the  eastern  horizon  be  examined 
with  a  spectroscope  so  held  as  to  make  the  spectrum  vertical,  it  will 
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appear  to  be  continually  traversed  by  dark  bands  running  througli 
the  spectrum  from  the  blue  end  towaids  the  red.  At  the  weatetn 
horizon  the  bands  move  in  the  opposite  direction,  from  red  to  bine; 
on  the  meridian  they  merely  oscillate  back  and  forth. 

Cams  of  Bointillation.  —  Authorities  diSer  aa  to  the  exEict  explanation 
of  scintillation,  but  probably  it  is  mainly  due  to  (too  causes  (optically  speak- 
ing), both  depending  on  the  fact  that  the  air  is  full  of  streaks  of  unequal 
density  that  are  carried  by  the  wind. 

(1)  In  the  first  place,  light  transmitted  through  such  a  medium  is  cod- 
centrated  in  some  places  and  turned  away  from  others  bi/  simple  refraefioa  : 
so  that,  if  the  light  of  a  star  were  strong  enough,  a  white  surface  illuminated 
by  it  would  look  tike  the  sandy  bottom  of  a  shallow,  rippling  pool  of  watei 
illuminated  by  sunlight,  with  light  and  dark  mottliugs  which  more  with  the 
ripples  on  the  surface.  So,  as  we  look  towards  the  star,  and  the  mottUi^ 
due  to  the  irr^ularities  of  the  air  move  by  ub,  we  see  the  star  altetnatelj 
bright  and  faint;  in  other  words,  it  ticinkles;  and  if  we  look  at  it  in  a 
telescope  we  shall  see  that  it  not  only  twinkles,  but  dances,  Le.,  it  is  slightly 
displaced  back  and  forth  by  the  refraction. 

(2)  The  other  cause  of  twinkling  is  '^inUrferetiee."  Pencils  of  light 
coming  from  the  star  (which  optically  is  a  mere  point),  and  feebly  refracted 
by  the  air  in  the  way  above  explained,  reach  the  observer  by  slightly  differ- 
ent routes,  and  are  just  in  a  condition  to  interfere.  The  result  of  the 
interference  ia  the  temporary  destruction  of  rays  of  certain  wave-lengths, 
and  the  reinforcement  of  others.  At  a  given  moment  the  green  rays,  for 
instance,  will  be  destroyed,  while  the  red  and  blue  will  be  abnormally 
intense;  hence  the  quivering  dark  bands  in  the  spectrum.  If  the  star  isveiy 
near  the  horizon,  the  effects  are  often  sufficient  to  produce  marked  changes 
of  color. 

865.  Wliy  Flaneta  Twinkle  Lee*  than  Stan.  —  This  ia  mainly 
because  they  have  discs  of  sensible  diameter,  bo  that  there  Is  a  general 
unchanging  average  of  brightness  for  the  sum  total  of  all  the  lumi- 
nouB  points  of  which  the  disc  is  composed.  When,  for  instance, 
point  A  of  the  disc  becomes  dark  for  a  moment,  point  B,  very  near 
it,  is  just  as  likely  to  become  bright ;  the  interference  conditions 
being  different  for  the  two  points.  The  different  points  of  the  disc 
do  not  ke^  step,  so  to  speak,  in  their  twinkling. 

885".  Note  on  "  Sehies  "  in  Spectra.  —  In  1896  Professor  Pickering 
found  on  the  Draper  Memorial  photographs  a  remarkable  series  of  lines  in 
the  spectra  of  certain  stars,  of  which  [  Puppia  is  the  most  conspicuous. 
These  lines  fall  regularly  intermediate  between  the  lines  of  hydrogen,  and 
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be  Boon  after  discovered  that  a  eingle  fonnnla,  which  includes  thst  of 
Balmer,  girea  the  positioDs  both  of  theee  lines  and  those  of  hydrogen 

formerly  known:  it  is,  A  =  3846.1  — ,    If  in  this  we  give  to  n  the  even 

Tidues,  8,  8,  10,  etc.,  we  get  the  waTe-Iengths  of  the  lines  of  hydrogen  as 
formerly  known:  the  odd  values  7,  9,  11,  etc.,  give  the  new  lines.  It  seems, 
therefore,  extremely  likely  that  these  new  lines  also  belong  to  hydrogen,  in 
aome  condition,  however,  which  differs  from  that  which  obtains  in  our 
laboratories,  and  in  stars  like  Vega. 

The  inTeetigations  of  Kayser  and  Runge  (1888-1895)  have  shown  that  the 
lines  in  the  spectra  of  many,  if  not  moat,  of  the  elements  are  spaced  in  a 
somewhat  similar  manner,  expressible  by  a  simple  formula;  usually,  how- 
ever, two  or  more  distinct  series  are  found.  In  the  spectrum  of  helium, 
according  to  Runge,  there  are  two  "  sets,"  each  set  consisting  of  a  principal 
series,  and  two  subordinate  series, — six  in  all.  Id  most  cases,  the  regular 
"  series  "  exclude  some  of  the  lines  that  appear  in  the  spectrum  of  a  given 
element,  and  not  unfrequently  these  independent  lines  are  among  the  most 
conspicuous  and  important  of  alL  Thus,  the  H  and  K  lines  do  not  belong 
to  either  of  the  two  regular  series  in  the  spectrum  of  calcium.  The  explana- 
tion of  these  series  is  not  yet  known,  but  it  probably  depends  somehow  upon 
the  maaner  in  which  the  atoms  are  arranged  in  the  molecule. 


EXXBOISBS   ON   CaAPTKK   XXI. 

1.  What  is  the  brightness  of  a  star  of  the  10.5  magnitude  (on  the  abso- 
lute scale)  compared  with  that  of  a  star  of  the  standard  first  magnitude? 

From  Art.  820  we  have  log  b^,-  log  »,  -  A  "  9^-  Vve  t&ke  the  bri^Cnew  of  the  Ont 
DUgnltnde  Btar  Afl  (he  unit  of  biightDeu  Ic^  bfcOiUid  ve  hare  li^  &io.(  =  0^0.4  x  3.5=  — 
tMOa.  To  bring  thli  eatirelj  negative  logarltbrn  Into  tbe  aaaal  tabular  form.  In  wlilDh  the 
gliaracteilitle  only  la  negative  vMle  tha  mantlaia  is  poiltlTe.  ire  numerically  lucreaie  the 
eharae(«rlitlQ  by  unity,  making  It  —  4.  and  at  tbe  same  time  take  for  the  new  mantlsu  1  — 
OJOOO.or  JOCO)  we  have,  therefore,  log  fcw,=3,2aa0i  whenee,  from  the  logarlthmlo  table,  we 
aoAbu-,- 0.000106. 

Also  log  ^-0-{-3.M0O)- +  3.8000;  whence,  6,  =  6308.8  "  iu,^ 
(Jn  aU  eompntationi  reapeatlug  stellar  magnitudes  Ioar-til»iM  table*  are  anlOoleDt.) 
'/ 

2.  What  is  the  brightness  of  an  eleventh  m^nitude  star  in  terms  of  the 
*^'  Afis.  0.0001,  or  tttW 

3.  What  is  the  brightness  of  a  4.8  magnitude  star  in  terms  of  the  first? 

An>.   0.0802,  or  ^■ 
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4.  What  is  the  magnitude  of  a  star  whose  brightness  b  one  one-hiuidi«d- 
thoiuandth  that  of  a  first  magnitude  starf     (Art.  820,  £q.  2.) 

Aiu.    13.5  magnitude. 

6.  What  is  the  magnitude  of  a  star  a  millionth  aa  bright  as  a  firat 
"»«"'""'«'  An,.   16th  mi^gnlMd.. 

*6.  What  is  the  magnitude,  ou  the  absolute  scale,  of  a  luminary  80000- 
000000  times  as  bright  as  a  first  magnitude  star?  (Log  80000000000  = 
10.9031.)  j^     -  26.26  magnitude. 

(Thia  is  about  the  estimated  brightness  of  the  sun.) 

^7.  What  is  the  apparent  magnitude  of  a  double  star  whose  component 
are  of  the  first  and  second  magnitudes  respectively? 

Am.   0.64  magnitude. 

8.   What,  if  the  components  are  of  the  second  and  fourth  m^nitudesT 
Ans.    1.85  rai^uitude- 

"O.  If  the  distance  of  a  fourth  magnitude  star  were  diminished  ooe-hal^ 
of  what  magnitude  would  it  appear? 

An*.   2.50  magnitude. 
J 

10.  If  the  distance  of  a  star  were  increased  by  forty  per  cent,  how  much 
would  its  magnitude  be  ciianged? 

Aru.    0.73  of  a  magnitude,  numerical  inereatt. 

11.  If  the  distance  of  a  star  were  diminished  by  forty  per  cent,  how 
would  its  m^nitude  be  affected? 

Ans.    1.11  of  a  magnitude,  numerical  decretue. 

"  13.  If  a  star  of  the  fith  magnitude  has  a  parallax  of  0.25",  how  does  the 
light  emitted  by  it  compare  with  that  of  the  sun? 

An,.    ^U 

13.    With  the  data  given  in  Table  TV.  compute  the  lightemissioD  of  othsr 

stars  compared  with  that  of  the  sun. 
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CHAPTER  XXII. 

DOUBLE    AND    MULTIPLE    STARS. — ORBITS    AND    MASSES    OF 

DOUBLE  STABS. —  CLUSTERS. —  NEBULA THE  MILKY  WAY. 

DISTRIBUTION  OP  STARS. —  CONSTITUTION  OF  THE  STELLAR 

UNIVERSE. —  COSMOGONY  AND  THE  NEBULAR  HYPOTHESia 

866.  Donbl*  and  Mnltiple  SUra. —  The  telescope  shows  numer- 
ous instances  in  which  two  stars  lie  verj  near  each  other,  in  many 
casfs  so  near  that  they  can  be  seen  separate  pqly  under  a  high 


magnifying  power.  These  are  called  "double  stars."  At  present 
no  less  than  16000  such  couples  are  known,  and  the  number  is 
continually  increasing.     In  not  a  few  instances  we  have  three  stars 
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together,  two  of  which  are  nsnally  very  close  and  the  third  farther 
away;  and  there  are  several  cases  of  quadruple  stars,  where  there 
are  two  pairs  of  stars  lying  close  together  (as  in  c  Lyrse),  or  a  pair 
of  stare  with  two  single  stars  close  by;  and  there  are  some  cases 
where  more  than  four  form  a  "viulfiple  star."  Fig.  226  represents 
a  number  of  such  double  and  maltiple  stars. 

867.    Siitanoe,  Ha^nitadei,  and  Colon. —  The  apparent  distances 

nsuatly  range  from  30"  to  i",  few  telescopes  being  able  to  separate 
double  stars  closer  than  i". 

In  a  very  large  proportion  of  cases  (perhaps  about  one-third  of  all) 
the  two  stars  are  nearly  equal ;  in  many  others  they  are  extremely 
unequal,  a  minute  star  near  a  large  one  being  usually  known  as  its 
"  companion." 

Not  infrequently  the  components  of  a  double  star  present  a  fine 
contrast  of  color;  never,  however,  in  eases  where  they  are  nearly  equal 
in  magnitude.     It  is  a  remarkable  fact,  as  yet  wholly  unexplained, 
that  when  we  have  such  a  contrast  of  color  the  tint  of  the  smaller 
star  always  lies  higher  in  t/ie  spectrvm,  than  that  of  the  larger  one. 
The  larger  one  ia  reddish  or  yellowish,  and  the  smaller  one  green  or 
blue,  without  a  single  ex- 
ception among  the  many 
hundreds  of  such  tinted 
couples    now   known,    y 
Andromedfe  and  y3  Cygni 
are   fine  examples  for  a 
small  telescope. 

868.  Xeaiureme&t  of 
DonbleBtan, — Such  meas- 
ures are  generally  made 
with  a  filar  position-mi- 
crometer, essentially  such 
as  shown  in  Figs.  28  and 
29  (Art.  73).  The  quan- 
tities to  be  determined  are 
^o-  227.  the  distance  and  posltion- 

Mea.uremento(I>taOu>«»^Po.itkn,-AnBle<>f.         angle  of  the  COUple.      By 

"distance"  we  mean 
simply  the  apparent  distance  in  seconds  of  arc  between  the  centres 
of  the  two  star  dies.    The  position-angle  of  a  double  star  is  the  angle 
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made  loith  the  hoar-circle  by  the  line  drawn  from  the  larger  star  to  the 
smaller,  reokoniag  arouDd  ftom  the  north  through  the  east,  as  fihowQ 
in  Fig.  227. 

Ffaotographj  maj  also  be  need,  aod  promiseB  to  become  very  usefol  in 
cases  where  the  distance  is  not  less  than  4"  or  6". 

869.  Stan  Optioally  and  Fbyiioally  Sonbla  —  Stars  may  be 
doable  in  two  different  ways.  They  may  be  merely  optiaiUy  double, 
—  that  is,  simply  in  line  with  each  other,  but  one  far  beyond 
the  other;  or  they  may  be  really  very  near  together,  in  which 
case  they  are  said  to  be  "physically  connected,"  because  they  are 
then  under  the  influence  of  their  mutual  attraction,  and  more 
accordingly. 

870.  Criterion  for  distiiiguisbing  batwean  Fbyiioalty  and  Optio* 
ally  Double  Stan.— This  cannot  be  done  off-hand.  It  requires  a 
aeries  of  measurements  long  enough  continued  to  determine  whether 
the  lelatire  movement  of  the  stars  is  in  a  curve  or  a  straight  line.  If 
the  stars  are  really  close  together  their  attraction  will  force  them 
to  describe  curves  around  each  other.  If  they  are  really  at  a  great 
distance  and  only  accidentally  in  line,  then  their  proper  motions, 
being  sensibly  uniform  and  rectilinear,  will  produce  a  relative 
motion  of  the  same  kind.  Taking  either  star  as  fixed,  the  other 
star  will  appear  to  pass  it  in  a  straight  line,  and  with  a  steady, 
nniform  drift. 

871.  SelatiTe  Vnniber  of  Stan  Optioally  Sonbla  and  Phyuoally 
Connected.  —  Double-star  observations  practically  began  with  Sir 
William  Herschel  only  a  little  more  than  a  hundred  years  ago. 
When  he  took  up  the  subject  less  than  100  such  pairs  had  been 
recognized,  snch  as  had  been  accidentally  encountered  in  making 
ob&ervatiDns  of  various  kinds.  The  great  majority  of  double  stare 
have  been  discovered  so  recently  that  sufficient  time  has  not  yet 
elapsed  to  make  the  criterion  above  given  effective  with  more  than 
a  small  proportion  of  them.  But  it  is  already  perfectly  clear  that 
the  optically  double  stars  are,  as  the  theory  of  probability  shows 
they  onght  to  be,  very  few  in  number,  while  several  hundred  pairs 
have  shown  themselves  to  be  physically  connected,  i.e.,  to  be  what 
are  known  as  "  binary  "  stars,  or  couples  which  revolve  around  their 
common  centre  of  gravity. 
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878.  Biiitrj  Stan.  —  Sir  W.  Herscliel  began  his  obserratdona  of 
double  stars  in  the  hope  of  ascertaining  stellar  parallax.  He  had 
supposed  in  the  ease  of  couples  where  one  was  large  and  the  other 
small  that  the  smaller  one  was  usually  a  long  way  beyond  the  other 
(as  lometiines  is  really  the  fact).  Id  this  case  there  should  be  per- 
ceptible variations  in  the  distance  and  position  of  the  two  stars  dur- 
ing the  course  of  the  year ;  precisely  such  Tariations  as  those  by 
which,  fifty  years  later,  Bessel  succeeded  in  getting  the  parallax  of 
61  Cygni  (Art.  811).  But  Herachel,  instead  of  finding  the  yearly 
oscillation  of  distance  and  position  which  he  expected,  found  quite 
a  different  and,  at  the  time,  a  surprising  thing,  — a  regular,  ptogres- 
sive  change,  which  showed  that  one  of  the  stars  was  slowly  describ- 
ing a  regular  orbit  around  the  other.  To  use  his  own  expression, 
he  "went  out  like  Saul  to  seek  his  father's  asses,  and  found  a  king- 
dom," — the  dominioD  of  gravitation^  extended  to  the  stars,  unlimited 
by  the  bounds  of  the  solar  system,  y  Virginis,  f  TTrsce  Majoris, 
and  {  Herculis  were  among  the  most  prominent  of  the  systenis 
which  he  pointed  out. 

At  present  the  number  of  pairs  supposed  to  be  binary  is  at  least 
300,  and  as  many  more  begin  to  show  signs  of  movement.  (Up 
to  the  present  time  of  course  only  the  quicker  moving  ones  are 
obvious).  About  ninety  have  progressed  so  far, — having  made  at 
least  one  entire  revolution  or  a  great  part  of  one, —  that  their  orbits 
have  been  computed  more  or  less  satisfactorily. 

873.  Orbits  of  Binary  Stan. —  The  real  orbit  described  by  each 
of  sucb  a  pur  of  stars  is  always  found  to  be  an  ellipse,  and  assum- 
ing the  applicability  of  tiie  law  of  gravitation,  the  common  centre 
of  gravity  must  be  at  the  focus.  The  two  ellipses  are  precisely 
similar,  the  one  described  by  the  smaller  star  being  larger  than  the 
other  in  inverse  proportion  to  the  star's  mass. 

So  far  as  the  relative  motion  of  the  two  bodies  goes,  we  may  regard 
either  of  them  (usually  the  larger  is  preferred)  as  being  at  rest,  and 
the  other  as  moving  around  it  in  a  relative  orbit  of  precisely  the  same 
shape  as  either  of  the  two  actual  orbits  which  are  described  around 
the  centre  of  gravity.     But  the  relative  orbit  is  larger,  having  for 

1  It  ie  not  yet  folly  denumsfmted  that  the  motions  of  binary  stars  are  due  to 
gravitation,  though  it  ie  extremely  probable,  and  the  burden  of  proof  seems  to 
be  shifted  upon  tho«e  who  are  disposed  to  doubt  it.    See,  however,  the 
to  Art.  901. 
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its  semi-major  axis  the  turn  of  the  two  semi-axes  of  the  real  orbits 
(Art  427). 

Usually  the  relative  orbit  is  all  that  we  oan  ascertain  at  present, 
as  this  alone  can  be  deduced  from  the  micrometer  measures  when 
they  consist  only  of  position-angles  and  distances  measured  between 
the  two  stars. 

In  a  few  cases  where  such  measureB  havQ  beeo  made  from  small  stan  in 
the  same  field  of  view  with  the  couple,  but  not  belonging  to  the  ayatem,  or 
when  the  couple  has  long  bees  observed  with  the  meridian  circle,  it  becomea 
poeaible  to  work  out  Beparately  the  apparent  orbit  of  each  star  of  the  pair 
with  reference  to  their  common  centre  of  gravity.  It  will  also  be  possible 
ultimately  to  compute  the  actual  orbits  of  many  double  stars,  independent  of 
any  hypothesit,  by  help  of  their  radial  motions  spectroscopically  determined 
in  different  parts  of  the  orbit.  But  this  oan  be  done  only  in  cases  where 
the  components  are  not  too  close  to  permit  their  spectra  to  be  separately 
observed.  The  spectroscopic  and  micrometer  measures  combined  (if  strictly 
correct)  would  absolutely  determine  the  form,  size,  position  (and  dUlanee 
eUw)  of  the  binary  system,  the  law  of  the  central  force,  and  the  masses  of 
the  component  stars. 

874.  CalonlatioiL  of  the  Orbit  of  a  Binary  Star. —  If  the  observer 
is  so  placed  as  to  view  the  orbit  peipendicolarly,  he  will  see  it  in  its 
true  form  and  having  the  larger  star  in  its  focus,  while  the  smaller 
moves  around  it,  describing  "  equal  areas  in  equal  times."  But  if 
the  observer  is  anywhere  else,  the  orbit  will  be  apparently  more  or 
less  distorted.  It  will  still  be  an  ellipse  (since  erery  projection  of 
a  eonic  is  also  a  conic),  but  the  large  star  will  no  longer  occupy  its 
focus,  not  will  the  major  and  minor  axes  be  apparently  at  right 
angles  to  each  other ;  nor  will  they  even  coincide  with  the  longest 
and  shortest  diameters  of  the  ellipse.  In  this  distorted  ellipse  the 
smaller  star  will,  however,  still  describe  equal  areas  in  equal  times 
around  the  larger  one. 

Theoretically,  five  absolutely  accurate  observations  of  the  position 
and  distance  are  suf&cient  to  determine  the  elements  of  the  relative 
orbit,  if  we  astUToe  that  the  orbital  motion  it  detcribed  under  the  law 
of  gravitation.  Practically  a  greater  number  are  needed  in  most 
Cases,  because  the  motions  are  so  alow  and  the  stars  so  near  each 
other  that  obBervation-errors  of  0".l  (which  in  most  calculations  are 
of  small  account)  here  become  important.  The  work  requires  not 
only  labor,  but  judgment  and  skill,  and  unless  the  pair  has  completed 
or  nearly  completed  an  entire  revolution  the  result  is  apt  to  be  seri- 
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ooelj  tincertain.  So  far,  as  bae  been  said,  about  sixty  sncb  otbits 
are  fairly  well  determined.  Catalo^es,  more  or  less  complete,  will 
be  found  iu  Flammarion'a  book  on  "  Double  Stars,"  also  in  Gledhill's 
"Hand-book  of  Double  Stars,"  and  Houzean's  "Vade  Mecom." 
Table  V.  in  the  Appendix  girea  the  elements  of  twenty-two  of  the 
best-known  orbits,  mostly  from  the  recent  calculations  of  Dr.  See. 

875.  Siriui  and  Prooyon.  ~  Tlie  cases  of  these  two  stars  are  remark- 
able. Id  both  instances  the  large  stars  hare  been  found  from  meridian- 
circle  observations  to  be  slowly  moving  in  little  ellipses,  although  when  this 
discovery  was  first  made  neither  of  them  was  known  to  be  double.  In  1863 
the  minnte  companion  of  Sirius  was  discovered  by  Clark  with  the  object- 
glass  of  the  Chic^o  telescope,  then  just  finished,  and  at  that  lime  the 
largest  object-glass  in  the  world.  And  this  little  eompaniou  was  found  to  be 
precisely  the  object  needed  to  account  for  the  peculiar  motion  of  Sirius  itaelf. 


no.  318.  —  OrblU  of  Siiin*  uid  hi*  Companion. 

Fig.  228  represents  the  absolute  orbits  of  the  two  stare  and  also  the 
relative  orbit  of  the  smaller  star  around  the  larger  when  the  latter  is 
regarded  as  being  at  rest.  The  small  circle  at  C  ia  the  earth's  orbit  drawn 
on  the  same  scale. 

In  the  case  of  Procyon,  the  companion  was  discovered  only  in  Not.  1896, 
by  Schaeberle  at  the  Lick  Observatory,  and  its  orbit  is  not  yet  woiked  out. 

876.  Periodt. — The  periods  of  binary  stars,  so  far  as  at  present 
determined  by  micrometric  measures,  vary  from  5^  years  (the  period 
of  LI.  9091  according  to  See :  Bumham  denies  it)  to  several  hundred 
years ;  though  none  of  the  very  long  periods  are  yet  accurately 
ascertained. 
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It  IB  possible  that  one  or  two  otlien  may  be  found  with  periods  even 
■borter  than  el«Tea  yean,  and  it  is  practioally  certain  that  as  time  goes  on, 
pairs  of  longer  period  than  1500 
jeaiB  vill  present  themselTea. 

Fig.  228*  shows  the  apparent 
orbits  of  several  of  the  most  in- 
teresting binaries. 
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877.  8iie  of  the  Orbita. — 
The  an^olai  seini-inajor  axes 
of  the  oibits  thus  far  computed 
lai^e  from  about  0".3  for  8 
Equulei,  to  18"  for  a  Centauri. 
The  real  dimensions  are,  of 
couise,  only  to  be  obtained 
vheQ  we  know  the  star's  par- 
allax and  distance.'  Fortu- 
nately aeTcral    of    the    stars 

whose   parallaxes  have  been  Fio,2a8».-orbiiet.f  Binary  aw™. 

determined  are  also  binary  stars.  Assuming  the  data  as  to  parallax 
and  orbits  giren  in  the  tables  in  the  Appendix  we  find  the  following 
results:  — 


Siia. 

PanOlax. 

AngDtkr 

Sflml^xll. 

Period. 

0=i. 

vCawlopeiEe    .... 

Sirius 

■  Ceutaorl 

TOOphiuohl     .... 

0".»6 
0.39 
0.76 
0.26 

B".21 
8.08 

17.70 
4.54 

23.5 
20.6 
23.8 
18.2 

105y.8 
62.2 
81.1 

88.4 

0.S3 
3.13 
2.00 
0.7T 

In  the  case  of  Slrius,  the  companion  appears  to  have  a  ma^s  about 
foai4enths  that  of  the  principal  star,  while  the  two  components  of 
a  Centanri  are  very  nearly  equal  in  mass,  though  not  in  brightness. 

It  is  obvious  from  the  table  that  the  double-star  orbits  are  com- 
parable with  the  larger  orbits  of  the  solar  system,  all  four  of  them 
being  approximately  equal  to  that  of  Uranus.  Of  course  the  many 
binary  stars  whose  distance  is  so  great  as  to  make  their  parallax 
insensihle  while  their  apparent  orbits  are  as  large  as  those  given  in 
the  list  must  have  real  orbits  of  still  vaster  dimensions. 

1  The  real  semi-axis  of  the  orbit  in  astronomical  units  Is  simply  the  anf/ular 
divided  by  the  parallax. 
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The  moat  characteriBtic  peculiarity  of  the  double^tar  orbits  ia  their  large 
tccentrieity,  nbich  for  the  aixty,  now  fairly  determined,  averages  very  nearly 
0.50.  Dr.  See  of  Chicago  explaina  the  fact  on  the  hypothesis  that  the  binary 
stars  are  the  result  of  a  process  of  "tidal-evolution  "  (Arts.  484  and  916). 
Jt  is  supposed  that  what  was  originally  a  nebulous  "  lump  "  assumed  a  dumb- 
bell form  in  whirling,  and  then  the  two  parts  separated,  still  revolving  around 
their  coramon  centre  of  gravity,  and  rotating  on  their  ases.  In  tliia  case 
the  tidal  reaction  between  the  two  would  be  extremely  powerful  and  effective, 
and  See,  following  very  nearly  tlie  methods  of  Darwin's  original  inveatiga- 
tion,  has  shown  that  the  result  would  be  t«  cause  them  to  move  apart,  and 
assume  orbits  mora  aud  more  eccentric  up  to  liniits  depending  upon  the 
initial  conditions.  The  theory  is  now  very  generally  accepted  as  the  sub~ 
stantial  tiath. 

878.  Haues  of  Binary  Stan. — Wbeawe  know- both  the  size  of 
the  orbit  of  a  binary  and  its  period,  the  mass,  according  to  the  law 
of  gravitation,  follows  at  once  from  the  equation  of  Art.  536, 

If  t  and  a  are  given  respectively  in  years  and  astronomical  units 
of  distance,  then,  by  omitting  the  factor  iir*,  if  +  to  comes  out  in 
terms  of  the  sun's  mass.  The  final  column  of  the  little  table  above 
gives  the  masses  of  the  four  pairs  of  stars  as  compared  with  the 
mass  of  the  sun.  But  the  student  must  bear  in  mind  that  the  par- 
allaxes of  stars  are  bo  uncertain  that  these  results  are  to  be  accepted 
with  a  very  lai^  mai^n  of  error. 

879.  Speotnioopio  Binariea,' —  One  of  the  most  interesting  of 
recent  astronomical  results  is  the  detection  by  the  spectroscope  of 
several  pairs  of  double  stiirs  so  close  that  no  telescope  can  separate 
them.  In  1889  the  brighter  component  of  the  well-known  double 
star  Mizar  (Zeta  Urate  Majoris,  Fig.  226)  was  found  by  Pickering  to 
show  the  dark  lines  double  in  the  photographs  of  its  spectmm,  at 
regular  intervals  of  about  fifty-two  days.  The  obvious  explanation 
is  that  this  star  is  composed  of  two,  which  revolve  around  their 
common  centre  of  gravity  in  an  orbit  which  is  turned  nearly  edge- 
wise to  us.  When,  twice  in  their  revolution,  the  line  that  joins  the 
two  stars  is  perpendicular  to  the  line  along  which  we  view  them, 
one  of  the  two  will  be  moving  towards  us,  while  the  other  is 
moving  in  an  opposite  direction;  and  as  a  consequence,  the  lines  in 
their  spectra  will  be  shifted  opposite  ways,  according  to  Poppler's 
principle.     ^Now  since  the  two  stars  are  so  close  that  their  spectra 

1  See  footnoM  on  page  680. 
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oTerlie  each  other,  the  result  will  be  simply  to  make  the  lines  in 
the  compound  spectrum  apparetUly  dvuble.  From  the  distajice  apart 
of  the  lines,  the  relative  velocity  of  the  stars  can  be  fonnd,  and 
from  this  the  size  of  the  orbit  and  the  mass  of  the  stars.  Thus  it 
appears  that  in  the  case  of  Mizar  the  relative  velocity  of  the  two 
components  is  about  100  miles  per  second,  and  the  period  about  104 
days.  If  we  assume  that  the  two  stars  are  of  about  the  same  size 
(which  is  likely  since  their  spectra  are  equally  bright)  and  that  the 
orbit  is  circular,  we  find  that  the  distance  between  them  is  about 
140  000000  miles,  and  their  united  mass  about  forty  times  that 
of  the  sun. 

Vogel,  from  later  observations  (1900-1901)  shows  that  the  period 
is  only  20.6  days  (^  of  104),  which  makes  the  distance  28330000 
miles,  and  the  mass  about  9  times  that  of  the  sun. 

The  lines  in  the  spectrum  of  Beta  Aurigie  exhibit  the  same  pecu- 
liarity, but  the  doubling  occurs  once  in  two  days;  the  periodic  time 
being  four  days,  the  velocity  about  150  miles  a  second,  and  the 
diameter  of  the  orbit  about  8  000000  miles,  the  united  mass  of  the 
two  stars  comes  out  about  two  and  a  half  times  that  of  the  sun. 
These  observations  of  Professor  Pickering's  were  made  by  photo- 
graphing the  spectrum  with  the  slitUss  spectroscope  (Art.  861),  and 
are  possible  only  where  the  stars  which'compose  the  binary  are  both 
of  them  reasonably  bright. 

In  1696  two  other  similar  oases  were  announoed  by  Professor  Pickering, 
discovered  on  the  South  American  spectrum  photographs.  The  first  of  the 
two  stars  is  it.'  Scorpii,  a  star  of  the  3d  magnitude  in  tb4j«ptile's  tail.  The 
period  is  84''  42'°. 5,  the  relative  velocity  300  miles  a  second,  and  the  radius 
of  the  relative  orbit  6  055000  miles.  The  other  star  is  3105  Lacaille,  of  the 
'  4}  mi^nitude  in  the  constellation  Fuppis ;  the  period  la  74''  M'^,  with  a 
velocity  of  385  miles  a  second,  the  radius  of  the  orbit  being  16  600000 
miles.  In  both  cases  the  two  components  of  the  binary  differ  considerably 
in  brightness.  The  first-magnitude  star  Capella  is  also  a  spectroscopic 
binary  in  which  lines  of  both  components  appear. 

879*.  In  1889  Yogel  also,  as  already  stated  in  Art.  861,  detected 
with  his  spectrograph  the  orbital  motion  of  the  Algol  system,  and 
a  few  months  later  he  discovered  similar  behavior  in  the  case  of 
Spica  (a.  Vii^nis).  At  first  the  spectroscopic  measures  upon  this 
star  appeared  very  discordant,  but  he  soon  found  that  everything 
was  reconciled  by  assuming  the  existence  of  a  companion,  too  faint 
to  be  teen,  but  massive  enough  to  make  Spica  itself  swing  around 
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their  common  centre  of  gi-avity  once  in  4*  0"  19°,  with  a  velocity  of 
about  67  miles  a  second,  and  in  an  orbit  wliich,  if  circular,  has  a 
diameter  of  about  6  million  mileB.  This  orbit  cannot  be  quite  edge- 
wise to  the  earth,  since  if  it  were  there  would  be  "eclipses"  and 
variations  in  the  brightness  of  Spica,  such  as  do  not  occur. 

Very  recently  (1805-4)6)  Belopolaky  has  found  by  the  same  method 
that  the  brighter  component  of  the  double  star  Castor  has,  like  Spica, 
an  invisible  companion,  which  causes  it  to  swing  backwards  and  forwards 
once  in  a  little  less  than  three  days,  with  an  orbital  velocity  of  aboot  15.5 
miles  a  second.  He  has  also  ascert^ned  that  the  short-period  variable 
ji  Cephei  gives  spectroBcopic  evidence  of  orbital  motion  distinctly  elliptjcal, 
with  a  mean  velocity  of  about  13  miles,  and  correaponding  with  the  period 
of  variation  (9'^  8''.8).  Sir  Norman  Lockyer  announces  the  same  thing  with 
respect  to  rf  Aquilse,  {  Geminorum,  T  Vulpeculs  and  S  Sagitts,  though  the 
details  are  not  yet  at  hand.  In  all  these  cases  the  evidence  lies  in  the  ibijt 
of  lines  and  not  their  doubling;  the  star  which  causes  the  observed  motion 
is  dark.  And  it  is  to  be  noted  that  in  several  of  the  cases  the  minima  and 
maxima  of  the  star  do  not  occur  where  they  ought  to  if  it  were  a  case  of 
simple  eclipse. 

P  Lyrge  is  also  abundantly  proved  by  the  observations  of  Pickering, 
Lockyer,  and  several  others  to  be  a  spectroscopic  binary,  with  two,  or  pec- 
hapB  more  than  two,  bright  components.  The  lines  of  its  spectrum  shift 
and  double,  and  behave  in  a  very  complicated  and  interesting  way.  The 
main  variations  in  its  light  are  due  to  partial  eclipses;  but  other  causes  tixe 
certainly  involved.  The  dissimilarity  of  the  component  spectra  which  make 
up  the  observed  spectrum  of  this  star  leads  Pickering  to  suggest  that  we 
may  !«  able  to  infer  that  certain  other  stars  with  anomalous  spectra,  com- 
bining  the  characteristics  of  two  or  more  recognized  classes,  are  really  double, 
even  if  the  spectroscope  does  not  show  motion. 

In  this  connection  the  two  variable  stars  Y  Cygni  and  Z  (not  {[)  Herculis 
should  be  mentioned.  From  the  peculiarities  of  their  light-curves  Dunir 
has  shown  that  they  are  close  binaries  with  distinctly  elliptical  orbits,  having 
periods  of  about  l^^  12'',  and  4^  respectively.  They  obviously  belong  to  the 
same  class  as  the  "  spectroscopic  binaries,"  though  as  yet  their  spectra  have 
not  been  satisfactorily  investigated,  owing  to  their  faintness. 

If  See's  "  tidal-evolution  "  theory  is  correct,  these  close  binaries  are  to  be 
regarded  as  infant  syst«ma,  which  in  time  will  grow  and  widen  out.  But 
the  connection  of  bodies  nearly  equal  in  mass,  though  differing  greatly  in 
their  brightness,  is  still  a  puzzling  mystery. 

880.  Have  the  Btan  Planets  attending  tbemT — It  ia  a  very 
natural  supposition  that  the  minute  companions  which  attend  some 
of  the  larger  stars  may  be  really  planetary  in  their  nature,  shining 
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more  or  less  by  reflected  light.  As  to  this  we  can  only  say,  that 
while  it  is  quite  possible  that  other  stars  besides  our  sua  may 
have  their  retinues  of  planets,  it  is  quite  certain  that  such  planets 
could  not  be  seen  by  us  with  any  existing  telescope.  If  our  sun 
were  viewed  from  a  Centauri,  Jupiter  would  be  a  star  of  less  than 
the  twenty-first  magnitude,  at  a  distance  of  only  5"  from  the  sua, 
which  itself  would  be  a  smallish  first-ma^itude  star. 

881.  1^  statement  can  be  verified  as  follows :  Jupiter  at  opposition  is 
certainly  not  equivalent  in  brightness  to  tKcnt^  stsjv  like  Vega  (most 
photometric  measurements  make  it  from  eight  to  fourteen).  Assuming, 
however,  that  it  is  equal  to  twenty  Vegas,  its  l^ht  received  by  the  earth 
would  be  about  mnrWTnrTi  °^  ^^  sun's.  At  oppositioD  our  distance 
from  Jupiter  is  about  four  astronomical  units,  so  that  seen  from  the  same 
distance  as  the  sun,  its  light  would  be  sixteen  times  that  quantity,  or 
(neai'ly)  i»  oiooire  of  ^'^  bmd'b- 

Now  a  ratio  of  125  000000  between  the  light  of  two  stars  correspondB  to  a 
difTerenoe  of  20  +  msgcitudes 

/log  125  000000  =  8.0969  ;  but  ^'^^^  =  20.24  magnitudes.     (Art  820.)^ 

Accordingly,  if  the  observer  were  removed  to  such  a  distance  that  the  sun 
would  appear  like  a  first-magnitude  star  (as  would  be  the  case  from 
a  Centauri),  Jupiter  would  be  a  star  of  the  twenty-first  rnagnitude.  Accord- 
ing to  Art.  S32,  it  would  require  a  25-inch  telescope  hi  show  a  star  of  the 
Nxteenth  magnitude ;  it  would  therefore  require  an  instrument  with  an 
aperture  of  250  inches,  or  nearly  21  feet,  to  show  a  star  five  magnitudes 
funter,  even  if  there  were  no  large  star  near  to  add  to  the  difficulty. 

888.  Triple  Uld  Multiple  Stan. — There  are  a  considerable  number 
of  objects  of  this  kind,  and  some  of  them  constitute  physical  systems.  In 
the  case  of  £  Cancri  the  two  laiger  stars  revolve  around  tbeir  common 
centre  in  a  nearly  circular  orbit  less  than  2"  in  diameter,  and  with  a  period 
of  about  sixty  years;  while  the  third  star,  smaller  and  more  distant,  moves 
around  the  closed  pair  in  an  orbit  not  yet  well  determmed,  but  with  a  period 
that  mast  be  several  hundred  years;  and  in  its  motion  theie  is  eridenoe  of 
a  peculiar  perturbation,  which  Seeliger  has  satisfactorily  explained  as  the 
result  of  motion  around  an  invisible  star,  in  an  orbit  of  about  the  same  size 
as  that  of  the  principal  pair.  Dr.  See  considers  that  he  has  discovered  a 
umilar  perturbation  in  the  system  of  70  Ophiuchi  due  to  an  invisible  body ; 
but  his  conclusion  is  not  everywhere  accepted  as  yet.  In  e  Lyrte  we  have 
two  pMrs,  each  making  a  very  slow  revolution,  of  periods  not  yet  determined, 
but  probably  ranging  from  300  (o  500  years.  And  since  the  pairs  have  also 
a  common  [soper  motion  it  is  practically  certain  that  they  also  are  physic- 
ally connected,  and  revolve  around  their  common  centre  of  gravity  in  a 
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period  to  be  reckoned  by  millenniumB — the  motion  during  the  laet  hundred 
fears  being  barel;  perceptible.  In  other  cues,  as,  for  inatauce,  in  tlie 
multiple  st&T  6  Ononis,  we  haTe  a  number  of  stars  not  or^nized  in  pairs, 
but  at  more  or  lesB  eqnol  distances  from  each  other :  we  are  confronted  bj 
the  problem  of  n  bodies  in  its  moat  general  and  unmanageable  form. 

STAa-CLUBTEES. 

883.  Clnsten.  —  There  are  in  the  akj  nmnerons  groaps  of  stars 
containing  from  one  hundred  to  many  thousand  members.  Some  of 
them  are  made  up  of  stars  visible  separately  to  the  naked  eye,  as  the 
Pleiades;  some  of  them  require  a  small  telescope  to  resolve  them,  as, 
for  instance,  the  Prcescpe  in  Cancer,  and  the  group  of  stars  in  the 
swoid-handle  of  Perseus;  while  others  yet,  even  in  telescopes  of  some 
size,  look  simply  like  wisps  or  balls  of  shining  cloud,  and  break  up 
into  stars  only  in  the  most  powerful  instruments. 

In  a  1^^  instniment  some  of  the  telescopic  dnsters  arn  magnificent  ob- 
jects, composed  of  thousands  of  stellar  sparks  compressed  into  a  ball  which 
is  dazzlingly  bright  at  the  centre  and  thinning  out  towards  the  edge.  In 
some  of  them  vividly  colored  stars  add  to  the  beauty  of  the  group  and  some 
are  full  of  varuMt  stara  (Art.  664*).  In  the  northern  hemisphere  the  finest 
cluster  is  that  known  as  Messier  13  Herculis  (a,  16"  ^T^  and  h,  36°  ItK)  not 
very  far  from  the  "apex  of  the  snn's  way." 

884.  Th«  Pleiades.  —  Of  the  naked-«ye  clusters  the  Pleiades  is 
the  most  interesting  and  important.  To  an  ordinary  eye  six  stars 
are  easily  visible  in  it,  the  six  largest  ones  indicated  in  the  figure 
(Fig.  229).  Eyes  a  little  better  see  easily  five  more — those  next  in 
size  in  the  figure  (the  two  stars  of  Asterope  being  seen  as  one).  A 
very  small  telescope  (a  mere  opera-glass)  increases  the  number  to 
nearly  a  hundred;  and  with  large  instruments  more  than  400  are 
catalogued  in  the  group.  A  few  of  the  stars,  apparently  in  the 
cluster,  are  really  only  accidentally  on  the  same  line  of  vision,  and 
are  distinguished  by  proper  motions  different  from  those  of  the  rest 
of  the  group;  but  the  great  majority  have  proper  motions  nearly 
the  same  in  amount  and  direction.  Their  spectra  are  all  of  the  first 
class,  but  Alcyone  and  Pleione  show  some  of  the  hydrogen  lines 
bTn^ht. 

The  diatancea  and  positions  of  the  principal  stars  with  respect  to  the 
central  star  Alcyone  have  been  carefully  measured  three  or  four  times 
during  the  last  fifty  yean.     The  relative  motions  durii^  the  period  have 
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not  proTed  large  enough  to  admit  of  satisfactory  determination,  but  it  is 
clear  that  such  motione  exist.  A  curious  and  interesting  fact  is  the  presence 
of  txebulous  matter  in  considerable  quantity.  A  portion  of  this  nebulosity 
hanging  around  Merope  (the  northeast  star  o£  the  dipper-bowl  in  the  fi^re) 
was  disooveied  many  years  ago ;  but  it  was  reserved  to  photography  to 


+ 

• 

•     • 

(-1 

"■         " ~~'-*      \     i  '            -CeUma 

AUat 

■  ■  £^    . 

.      • 

4 

Fio.  aze.  —  Hie  Plelada. 
deteot  very  recently  other  clouds  of  nebulosity  attached  to  other  stars,  eape- 
cisJly  to  Maio,  and  to  show  that  the  whole  space  is  covered  with  streaks  and 
streamers  of  it,  emitting  light  of  such  a  character  as  to  impress  the  photo- 
graphic plate  much  more  strongly  than  the  eye.  The  figure  shows  roughly 
the  outlines  of  some  of  the  principal  nebulous  filaments,  but  one  must  see 
the  photographs  of  Roberts  and  others  in  order  to  get  any  adequate  idea  of 
their  extent  and  beauty. 

S8S.     Diitsnoe  of  Star-Clusten  and  Bize  of  tli«  Component  Btan. 
— The  question  at  once  arises  whether  olusters,  saoh  ae  the  one 
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mentiOQed  in  Hercules,  are  oomposed  of  stars  eaoh  comparable  with 
our  BUD,  and  separated  by  distances  corresponding  to  the  distance 
between  the  sun  and  its  neigliboring  stsxs,  or  whether  the  bodies 
which  compose  the  ewarm  are  really  very  small,  —  mere  eparks  of 
stellar  matter :  whether  the  distance  of  the  mass  from  us  is  about 
the  same  as  that  of  the  stars  among  which  it  seems  to  be  set,  or 
whether  it  is  far  beyond  them.  Forty  years  ago  the  accepted  view 
was  that  the  stars  composing  the  clusters  are  no  smaller  than  ordi- 
nary stars,  and  that  the  distance  of  the  star-clusters  is  immensely 
greater  than  that  of  the  isolated  stars.  There  are  many  eloquent 
passages  in  the  writings  of  that  period  based  upon  the  belief  that 
these  star-clusters  are  steUar  universes, — "  galaxies,"  like  the  group 
of  stars  to  which  the  writers  supposed  the  sun  to  belong,  bnt  so 
inconceivably  remote  that  in  appearance  they  shrank  to  these  mere 
balls  of  shining  dust. 

It  is  now,  however,  quite  certain  that  the  other  view  is  correct,  — 
that  star-clusters  are  among  our  stars  and  form  part  of  our  universe. 
Large  and  small  stars  are  so  associated  in  the  same  group  in  many 
cases  as  to  leave  us  no  choice  of  belief  in  the  matter.  It  is  true 
that  as  yet  no  parallax  has  been  detected  in  any  star-ctueter ;  but 
that  is  not  strange,  since  a  cluster  is  not  a  convenient  object  for 
observations  of  the  kind  necessary  to  the  detection  of  parallax. 

THE   NEBULA 

886.  The  Hebnln.  —  There  are  also  in  the  sky  a  multitude  of 
faintly  shining  bodies, — shreds  and  balls  of  cloudy  stuff  that  are 
known  as  "  n^ntlee  "  (the  word  meaning  strictly  a  "  little  cloud  "). 
About  10000  of  these  objects  are  already  catalogued. 

Two  or  three  of  them  are  visible  to  the  naked  eye.  The  nebula 
in  the  girdle  of  Andromeda  is  the  brightest  of  them,  in  which,  it 
will  be  remembered,  the  temporary  star  of  1885  appeared. 

The  next  brightest  is  the  wonderful  nebula  of  Orion,  which,  in 
the  beauty  and  variety  of  its  details,  in  the  interesting  relations  of 
the  included  stars,  the  delicate  tint  of  the  filmy  light,  and  in  its 
spectroscopic  interest,  far  exceeds  the  other,  —  indeed,  all  others. 

It  is  so  difBcult  to  represent  these  delicate  objects  by  any  process 
available  in  a  text-book  that  we  limit  ourselves  to  giving  two  cuts, 
one  copied  from  Mr.  Roberts'  exquisite  photograph  of  the  great 
nebula  of  Andromeda,  aod  the  other  from  a  drawing  of  the  curious 
Bing-nebula  in  Lyra. 
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The  first  successful  photograph  of  a  nebula  (the  Orion  Nebula)  was  made 
by  Dr.  II.  Draper  in  1880,  and  he  was  soon  followed  by  Common.  Since 
then  great  progress  has  been  made  both  in  Europe  and  America.  Visual 
observation  and  draughtsmanship  cannot  here  at  all  conipete  with  the  photo- 
gn^bio  process,  which  continoaUy  brings  out  features  before  unrecognized 


Fm.  sac.  —  Mr,  Boberle' Pbotogrmpb  ot  tbe  Mebuln  o(  Andromeda. 

in  the  most  powerful  telescopes,  — sometimes  new  and  startling  revelations, 
like  the  concentric  rings  in  the  Andromeda  Nebula,  an  apparent  parallel  of 
Saturn  and  his  rings.  The  photograph  has  one  drawback,  however:  tlart 
in  the  Nebula  are  not  properly  shown ;  nor  is  the  relative  brightness  of 
different  porUons  fairly  given  on  any  single  negative.  The  exposure  neces- 
sary to  bring  out  faint  details  is  far  too  great  for  the  brighter  parts. 

With  a  small  telescope  a  nebula  cannot  be  distinguished  from  a 
close  star-claeter,  and  it  is  quite  likely  that  the  clusters  and  nebulee 
shade  into  each  other  by  insensible  gradations.  Forty  years  ago  it 
w&a  supposed  that  there  vaa  no  distinction  between  them  except 
that  of  mere  remoteness,  —  that  all  nebulcB  could  be  resolved  into 
stars  by  sufficient  increase  of  telescopic  power.    When  Lord  Bosse's 
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great  telescope  was  first  erected,  it  was  for  a  time  reported  (and  the 
statement  is  still  often  met  with)  that  it  had  <■  resolved"  the  Orion 
nebula.  This  was  a  mistake,  however.  No  telescope  ever  has 
resolved  that  nebula  into  stars  or  ever  will,  for  we  now  know  that 
it  is  not  composed  of  stars. 

887.  Fornii  and  Ma^tndes  of  Febnln.  — The  larger  and  brighter 
nebulffi  are,  many  of  them,  very  irregular  in  form,  stretching  out 
sprays  and  streamers  in  all  directions,  and  containing  dark  openings 
or  ■'  lanes."  The  so-called  "  fish-mouth  "  in  the  nebula  of  Orion,  and 
the  dark  streaks  in  the  nebula  of  Andromeda,  are  striking  examples. 
Some  of  these  bodies  are  of  enormous  volume.  The  nebula  of  Orion, 
with  its  outlying  streamers,  extends  over  several  square  degrees,  and 
the  nebula  of  Andromeda  covers  more  than  one.  I^Tow,  as  seen 
from  even  the  nearest  star,  the  apparent  distance  of  ^Neptune  from 
the  sun  is  only  30",  and  the  diameter  of  its  orbit  1'.  It  is  perfectly 
certain  that  neither  of  these  nebulse  is  as  near  as  a  Centauri,  and 
therefore  the  cross-section  of  the  Orion  nebula,  as  seen  from  the 
earth,  must  be  at  least  many  thousand  times  the  area  of  Neptune's 
or^it,  and  the  "  hole  "  in  the  Annular  Nebula  as  shown  in  Fig.  231 
must  be  somewhat  larger  than  that  orbit,  which  at  the  distance  of 
a  Centauri  would  subtend  an  angle  of  only  46"  on  the  scale  given  in 
the  figure. 

And  the  nebulse  as  teen  with  the  telescope  are  only  the  brightest 
portions  of  vaster  clouds. 

Becent  photographs  of  Orion,  made  with  instruments  of  short 
focus  and  with  a  long  exposure,  show  that  the  whole  constellation  is 
enveloped  in  a  nebulosity,  which  for  the  most  part  attaches  itself  to 
the  principal  stars,  like  the  nebulosity  in  the  Pleiades  (Art.  884). 
The  well-known  nebula  of  Orion  is  only  the  brightest  portion  of  this 
inconceivably  enormous  mass. 

We  do  not  know  what  is  the  real  shape  of  either  of  the  nebnlee, 
whether  it  is  a  thin,  flat  sheet,  or  a  voluminous  bulk;  but  some 
things  about  these  two  nebuls  and  several  others  favor  strongly 
the  idea  that  their  thickness  does  not  correspond  to  their  apparent 


888.  The  Smaller  FebnlsB. — The  smaller  nebulte  are  forthe  mMt 
part  elliptical  in  outline,  some  nearly  circular,  others  more  elongated, 
and  some  narrow,  slender  streaks  of  light.     Generally  they  are 
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brighter  at  the  centre,  and  in  many  cases  the  centre  is  occupied 
by  a  star.      Indeed,  there  is  a  considerable  number  of  so-called 
"nelntloiu  ttars,"  that  is,  atara 
with  a  hazy  envelope   around 
them. 

There  are  some  nebulae  which 
present  nearly  a  uniform  disc  of 
light,  and  are  known  as  "pZan- 
etary"  nebulffi,  and  there  ate 
some  which  are  dark  in  the 
centre  and  are  known  as  "an- 
nular" or  ring  nebulae.  The 
finest  of  these  annular  nebulae 
is  the  one  in  the  constellation  of 
Lyra,  about  half-way  between 
the  stars  ^  and  y;  it  is  shown 
in  Fig.  231. 

There    are    also   a   number 

of  double  nebulae,  perhaps  dou-  ».„■_..      >    ,  . 

'  '^  ^  no.^Sl.  — The  Aunalu'iuLjrk. 

ble  stars  in  process  of  malting. 

In  a  majority  of  the  nebuhe  the  photographs  reveal  a  remarkable 
spiral  structure  of  which  the  so-called  " whirlpool"  nebula  in 
the  constellation  "Canes  Venatici"  is  the  most  striking  specimen. 
This  spiral  structure,  however,  is  to  be  seen  orily  in  large  telescopes ; 
in  fact,  very  little  of  the  real  beauty  of  most  of  these  objects  is 
vUually  accessible  to  instruments  of  less  than  12  inches  aperture. 

889.  Variable  Hebulra. — There  are  several  nebulEe  which  var^tn 
their  brightness  from  time  to  time;  one  especially,  neat  t  Tauri,  at 
times  has  been  visible  with  a  small  telescope,  while  at  other  times  it 
is  entirely  invisible  even  with  large  ones.  So  far  no  regular  perio- 
dieity  has  been  ascertained  in  such  cases. 

890.  Their  Speotra, —  One  of  the  earliest  and  most  remarkable 
achievements  of  the  spectroscope  was  its  demonstration  of  the  fact 
that  the  light  of  many  of  the  nebulce  proceeds  mainly  from  luminout 
ffa».     They  give  a  visual  spectrum  of  six  or  seven  bright  lines' 

1  The  wave-lengtliH  of  tbese  Unea  are  the  following,  Id  the  order  of  brlghtneis: 
(1)  6007.05  ?  (2)  4959.02  f  (3)  4861.50,  Hydrogen  (F);  (4)  4.'(40.66,  Hydrogen  (7); 
(5)  4101.86,  HydnigeD  (A)j  (6)  6S75.D8,  Helium  (D,);  (T)  4472,  HeUom. 
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(Fig.  232),  three  of  which  are  fairly  conepicaoiis.  This  most  im- 
portant and  brilliant  discovery  was  made  by  Huggins  in  1S64. 

Three  of  the  linee,  F,  H^  and  k,  are  due  to  Hydrogen.  Two,  the  faintest 
of  all,  first  obBerved  by  Copeland,  are  lines  of  Helium,  «o  conapicuoua  in  the 
solar  chromosphere;  but  the  origin  of  the  rest  remains  unknown.  The 
brightest  line  of  the  whole  number  is  in  the  green,  x,5007,  and  was  for  a 
while  referred  to  nitrogen;  but  under  closer  examination  the  identification 
breaks  down,  though  the  student  will  find  it  still  called  "  the  nitrogen  line  " 
now  and  then.    The  unidentified  element  is  provisionally  called  "nebulium." 

Mr.  Lockyer  identified  it  with  e.  "  fluting  "  in  the  low-temperature  spec- 
trum of  magneaium,  which  he  has  found  in  the  spectrum  of  meteorites ;  but 
it  is  now  certain  that  this  also  was  an  error,  and  this  line  and  its  neigbbor 
4959  still  remain  a  mystery. 


Fia.  333.  —  VKiul  Speotnim  at  tbe  Gmcow  Nebola. 

All  the  nebultB  which  give  a  gaseous  spectrum  at  all  present  this  same 
spectrum  entire  or  in  part.  If  the  nebula  is  faint  only  the  brightest  lines 
appear,  while  the  H^  line  and  the  other  fainter  lines  are  seen  only  in  the 
brightest  nebuhe  and  under  favorable  circamstances. 

891.  Photography  since  1886  has  proved  itself  as  effective  in 
the  study  of  nebular  spectra  as  of  stellar :  we  have  at  present  a 
list  of  over  70  lines  photographed  in  the  spectra  of  half  a  dozen 
nebnlffi,  56  in  that  of  the  Orion  nebula  alone,  among  them  all  the 
hydrogen  lines  clear  to  the  last  of  the  ultra-violet  series.  Some  of 
the  lines  appear  also  in  the  spectra  of  the  trapezium  stars,  showing 
that  these  stars  are  of  the  same  nrnterial  as  the  surrounding  nebula, 
only  more  condensed. 

During  the  summer  of  1890,  Keeler  at  the  Lick  Observatory 
observed  a  number  of  the  planetary  nebulffi  with  a  spectroscope  of 
high  dispersive  power,  and  was  able  to  detect  and  to  measure  the 
motion  of  several  of  them  in  the  line  of  sight.  The  velocity  of 
theii  motion  appears  to  be  of  the  same  order  as  that  of  the  stars, 
the  oebulse  observed  giving  results  ranging  from  zero  up  to  nearly 
forty  miles  a  second,  —  some  approaching  and  some  receding. 
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808.  But  not  all  the  nebulie  by  uiy  means  f^ve  a  gaseons  apeo- 
tnim:  those  which  do  so  —  about  half  the  whole  number-^  are  of  a 
more  or  less  distinct  greenish  tint,  which  is  at  once  recognizable  in 
the  telescope.  The  white  uebulfe,  the  nebula  of  Andromeda  at  their 
head,  give  only  a  continuous  and  perfectly  expressionless  spectrum, 
iininarked  by  any  lines  or  bands,  either  bright  or  dark.  This  must 
not  be  interpreted  as  showing  diat  these  nebuUe  cannot  be  gaseous; 
for  a  gas  wader  pressure  gives  just  such  a  spectrum ;  but  so  also  do 
masses  of  solid  or  liquid  when  heated  to  incandescence.  The  spectro- 
scope simply  declines  to  testify  in  this  case.  The  telesa^nc  evidence 
as  to  the  nature  of  the  white  nebulie  is  the  same  as  for  the  green. 
They  withstand  all  attempts  at  resolution,  none  more  firmly  than 
the  Andromeda  nebula  itself,  the  brightest  of  them  all. 

603.  Chai^^  in  the  FeboUe.  —  The  question  has  been  raised 
whether  some  of  the  nebul»  have  not  sensibly  changed,  even  within 
the  few  years  since  it  has  become  possible  to  observe  them  in  detail. 
It  is  quite  certain  that  in  important  respects  the  early  drawingt  differ 
seriously  from  those  of  recent  observers;  but  the  appearance  of  a 
nebula  depends  so  much  upon  the  telescope  and  the  circumstances 
under  which  it  is  used,  the  features  are  so  delicate  and  indefinite, 
and  the  difficulty  of  representing  them  on  paper  is  such,  that  very 
little  reliance  can  be  placed  on  discrepancies  between  drawings, 
unless  supported  by  the  evidence  of  meaaures  of  some  kind. 

Thus  far,  the  best  authenticated  instance  of  Buch  a  cbttn^  accordiDg  to 
Professor  Holden,  is  in  the  so-called  "  trifid  "  nebula,  in  Sagittarius.  In 
this  object  there  is  a  peculiar  three-legged  area  of  darkness  which  divides 
the  nebula  into  three  lobes.  A  bright  triple  star,  which  iu  the  early  part 
of  the  century  was  described  and  figured  by  Herschel  and  other  observers 
at  in  the  middle  of  one  of  these  dark  lanes,  is  now  certainly  in  the  edge  of 
the  nebula  itself.  The  star  does  not  seem  to  have  moved  with  reference  to 
the  neighboring  stars,  and  it  seems  therefore  necessary  to  suppose  that  the 
nebula  itself  has  drifted  and  changed  its  form. 

As  to  the  nebula  of  Orion,  Professor  Ilolden's  conclusion  is,  that  wbile 
the  eutlina  of  the  different  features  have  probably  undergone  but  little 
change,  their  relative  brightnett  and  prominence  have  been  continually  fluc- 
tuating. This,  however,  can  hardly  be  considered  certain;  to  settle  the 
question  will  probably  require  another  fifty  years  or  so,  and  the  comparison, 
not  of  drawings,  bat  of  pkotograpfu. 

804.  Faton  of  the  Vebvlie. — As  to  the  eonstitntion  of  these 
elouds  we  can  only  speculate.    In  the  green  nebulae  we  can  say  with 
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confidence  that  hydrogen,  helium,  and  some  othec  gas  are  certainly 
present,  and  that  the  gasea  emit  most  of  the  light  that  reaches  us 
from  such  objects.  But  how  much  solid  or  liquid  matter  in  the  form 
of  grains  and  drops  may  be  included  within  the  gaseous  cloud  ve 
have  no  means  of  knowing. 

The  ides  of  Mr.  Lockyer  (a  part  of  his  wide  induction  u  to  what  we 
mtkj  call  the  "  meteoritic  constitution  of  the  universe  "  )  is  that  they  are 
clouds  of  "spuse  meteorites,  the  collisions  of  which  bring  about  a  rise  of 
temperature  sufficient  to  render  luminous  one  of  their  chief  constituents," 
which,  when  he  wrote  the  sentence,  he  im^ined  to  be  magnesium. 

How  for  this  theory  will  stand  the  test  of  time  and  future  investigatioiis 
remains  to  be  seen.  At  first  view  it  seems  very  doubtful  whether  the  colli- 
tiora  in  such  a  body  could  be  frequent  or  violent  enough  to  account  for 
its  luminosity,  and  one  is  tempted  to  look  to  other  causes  for  the  source 
of  l^ht-    "Liiminacence  "  doe*  not  require  a  lUgh  terr^eraiure. 

896.  Vnraber  and  Distrihntion  of  Vebolie.  —  Sir  William  Her^ 
schel  was  the  lirat  extensive  investigator  of  these  interesting  objects, 
and  left  his  unfinished  work  as  a  legacy  to  his  son,  Sir  John  Her- 
schel,  who  completed  the  survey  of  the  heavens  by  a  residence  of 
several  years  at  the  Cape  of  Good  Hope,  His  "  General  Catalogue  " 
has  now  been  superseded  by  Dreyer's,  which  contains  about  10000 
of  thezn.  Photographs  have  revealed  immense  numbers  invisible  to 
the  eye  with  any  telescope,  Keeler  estimated  that  there  are  at 
least  120000  nebulae  within  reach  of  the  Crossley  reflector. 

Aa  to  their  distribution,  it  is  a  curious  and  important  fact  that  it 
is  in  contrast  to  the  distribution  of  the  stars.  The  stars,  as  we  shall 
soon  see,  gather  especially  in  and  about  the  Milky  Way,  as  do  also 
the  star-clusters;  but  the  nebulie  specially  crowd  together  in  regions 
as  far  from  the  Milky  Way  as  it  is  possible  to  get.  As  has  been 
pointed  out  by  more  than  one,  this  shows,  however,  not  a  want  of 
relation  between  the  stars  and  the  nebulae,  but  some  "relation  of 
contrariety."  Precisely  what  this  is,  and  why  the  nebulfe  avoid  the 
regions  thickly  starred,  is  not  yet  clear.  Possibly  the  stars  devour 
them,  that  is,  gather  in  and  appropriate  surrounding  nebulosity  so 
that  it  disappears  from  their  neighborhood. 

896.  Sistanoe  of  the  Hebulee.  —  On  this  point  we  have  very  little 
absolute  knowledge.  Attempts  have  been  made  to  measure  the  par- 
allax of  one  or  two,  but  so  far  unsuccessfully.  Still  it  is  probable, 
indeed  almost  certain,  that  they  are  at  the  same  order  of  distance  as 
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the  staiB.  The  wiapa  of  nebulosity  whicb  photography  shows  at- 
tached to  the  stars  in  the  Pleiades  (and  a  number  of  similar  cases 
appear  elsewhere),  the  nebulous  atais  of  Herschel,  and  numerous 
nebidfe  which  have  a  star  exactly  in  the  centre,  — these  compel  us  to 
believe  that  ia  such  cases  the  nebulosity  is  really  at  the  tta/r.  Then 
in  the  southern  hemisphere  there  are  two  remarkable  luminous 
clouds  which  look  like  detached  portiona  of  the  Milky  Way  (though 
they  axe  not  near  it),  and  are  known  as  the  Nubeculte  or  "  Magellanic 
clouds."  These  are  made  up  of  stars  and  star-clusters,  and  of  nebulse 
also,  all  swarming  together,  and  so  associated  that  it  is  not  possible 
to  question  their  real  proximity  to  each  other. 

897.  Fif^  years  ago  a  very  different  view  prevailed-  As  hai  been  stud 
already,  astronomers  at  that  time  veiy  generally  believed  that  there  was  no 
distinction  between  nebulee  and  star-cluaters  except  in  regard  to  distance, 
the  nebula  being  only  clusters  too  remote  to  show  the  separate  stare.  They 
considered  a  nebula,  therefore,  aa  a  "  universe  of  stars,"  like  our  own  "  galac- 
tic cluster  "  to  which  the  sun  belongs,  but  as  far  beyond  the  "  star-elustera  " 
as  these  were  believed  to  be  beyond  the  isolated  stars.  In  some  respects 
this  old  tielief  strikes  one  as  grander  than  the  truth  even.  It  made  our 
vision  penetrate  more  deeply  into  space  than  we  now  dare  think  it  can. 

THB  SIDEREAL  SYSTEM. 

898.  The  Oalaxy,  or  Killcy  Way. — This  is  a  luminous  belt  which 
surrounds  the  heavens  nearly  iu  a  great  circle.  It  varies  much  in 
width  and  brightness,  and  for  about  a  third  of  its  extent,  from 
Cygnns  to  Scorpio,  is  divided  into  two  nearly  parallel  streams.  In 
several  constellations,  as  in  Cygnus,  Sagittarius,  and  Argo  Ifavis, 
it  is  crossed  by  dark  straight-edged  bars  that  look  aa  if  some 
light  cloud  lay  athwart  it,  and  in  the  constellation  of  Centaurus 
there  is  a  dark  pear-shaped  orifice,  —  the  "  coal  sack,"  as  it  ia  called. 

The  galaxy  intersects  the  ecliptic  at  two  opposite  points  near  the 
solstices,  making  with  it  an  angle  of  a1x>ut  60°.  The  northern 
"  galactic  pole,"  as  it  is  called,  lies,  according  to  Sir  John  Herschel, 
in  declination  +  27°,  and  right  ascension  12''  47" ;  the  southern 
"  galactic  pole  "  is  of  course  at  the  opposite  point  in  the  southern 
hemisphere.  As  Herschel  remarks,  the  "galactic  plane"  "is  to 
sidereal  what  the  ecliptic  is  to  planetary  astronomy,  a  plane  of 
ultimate  reference,  the  ground  plan  of  the  sidereal  system." 

The  Milky  Way  is  made  up  almost  wholly  of  small  stars  from  the 
eighth  magnitude  down.     It  contains  also  a  large  number  of  star- 


D.gitizecbyG00glc 


662  THE  OALAXT. 

clusters,  bnt  (as  has  been  already  mentioned)  very  few  true  nebnls. 
In  some  places  the  stars  are  too  thickly  packed  for  counting,  es- 
pecially in  the  bright  knots  which  abound  here  and  there. 

(An  excellent  detailed  description  of  ita  appeEirance  and  course  may  be 
found  in  HerBchel'B  "  Outlines  of  Astronomy." 

899.  SiitribiitiDii  of  Stan  in  the  Sky:  Btkr^ngM.  —  It  is 
obvious  that  the  stars  are  not  uniformly  scattered  over  the  heavens. 
They  show  a  decided  tendency  to  collect  in  groups  here  and  there, 
and  to  form  connected  streams  ;  but  besides  this,  an  enumeratiou  of 
the  stars  in  the  great  star-catalogues  shows  that  the  number  increases 
with  considerable  legularil^  from  the  galactic  poles,  where  they  are 
most  sparse,  towards  the  galactic  circle,  where  they  are  most  crowded 
Tho  "star-gauges"  of  the  Herschels  make  this  fact  still  more 
obvious. 

These  gauges  consisted  merely  in  the  counting  of  the  number  of  atus 
visible  in  the  field  of  view  (15'  in  diameter)  of  the  twenty-foot  reflector. 
Sir  William  Herschel  made  3400  of  these  gauges,  directing  the  telescope  to 
different  parts  of  the  sky ;  and  his  son  followed  up  tlie  work  at  the  Cape  of 
Good  Hope.  Stntve's  discussioo  of  these  gauges  in  theu  relation  to  the 
galactic  circle  gives  the  following  result :  — 

DMaiwe  from  GalBiy.  ITiimber  of  SUts  In  FMd. 

90°  .......         .  4.15 

75« 4.68 

60° 6.52 

460 10.86 

80= 17.68 

15° 30.30 

0° 122.00 

900.  Btraeton  of  the  Hearens.  —  Our  space  does  not  permit  a 
discussion  of  the  untenable  conclusions  reached  by  Herschel  and 
others  by  combining  the  unquestionable  data  derived  from  observa- 
tion, with  the  unfouuded  and  untrue  assumptions  that  the  stars  are 
substantially  of  a  size  and  spaced  at  approximately  equal  distances. 
Many  of  those  conclusions  relating  to  the  form  and  dimensions  of 
the  Milky  Way,  and  of  the  stellar  universe  to  which  our  sun  belongs, 
have  become  almost  classical ;  but  they  are  none  the  less  incorrect. 

It  is  certain,  however,  that  the  faint  stars  a*  a  class  are  smaller 
and  darker  and  more  remote  than  are  the  bright  ones  as  a  cUut:  and 
accepting  this,  we  can  safely  draw  from  the  star-gauges  a  few  general 
conclusions,  as  follows  :  — 
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We  present  them  snbatantially  as  given  by  Newoomb  in  his  "  Popular 
Astronomj,"  p.  491. 

1.  "The  great  mass  of  the  stars  wliioh  compose  this  (stellar) 
system  are  spread  out  on  all  sides  in  or  near  a  widely  extended 
plane,  passing  through  the  Milky  Way.  In  other  words,  the  large 
majority  of  the  stars  which  we  can  see  with  the  telescope  are  con- 
tained in  a  space  having  the  form  of  a  round,  flat  disc,  the  diameter 
of  which  is  eight  or  ten  times  its  thickness. 

2.  "Within  this  space  the  stars  are  not  scattered  uniformly, but 
are  for  the  most  part  collected  into  irregular  clusters  or  masses,  with 
comparatively  vacant  spaces  between  them."  They  are  "gregarious," 
to  use  Miss  Gierke's  expression. 

3.  Our  sun  is  near  the  centre  of  this  disc-like  space. 

4.  The  naked^ye  stars  "  are  scattered  in  this  Space  with  a  near 
approach  to  uniformity,"  the  exceptions  being  a  few  star-clusters  and 
star-groups  like  the  Pleiades  and  Coma  Berenices. 

5.  "The  disc  described  above  does  not  represent  the  form  of  the 
stellar  system,  but  only  the  limits  within  which  it  is  mostly  con- 
tained." The  circumstances  are  such  as^  "  prevent  our  assigning 
any  more  definite  form  to  the  system  than  we  could  assign  to  a  cloud 
of  dust." 

6.  "  On  each  side  of  the  galactic  region  the  stars  are  more  evenly 
and  thinly  scattered,  but  probably  do  not  extend  out  to  a  distance  at 
all  approaching  the  extent  of  the  galactic  region,"  or  if  they  do  they 
are  very  few  in  number  ;  but  it  ie  impossible  to  set  any  definite 


7.  On  each  side  of  the  galactic  and  stellar  region  we  have  a 
nebular  region,  comparatively  starless,  but  occupied  by  great  num- 
bers of  nebnlie. 

As  to  the  Milky  Way  itself,  it  is  not  yet  certain  whether  the  stars 
which  compose  it  are  distributed  pretty  equally  near  the  galactic 
circle,  or  whether  they  form  something  like  a  ring  with  a  compara- 
tively vacant  apace  in  the  middle. 

As  to  the  distance  of  the  remotest  stars  in  the  stellar  system,  it  is 
impossible  to  say  itriy thing  very  definite,  but  it  seems  quite  certain 
that  it  must  be  at  least  as  great  as  10000  to  20000  light-years.  If 
one  asks  what  is  beyond,  whether  the  star-filled  space  extends  in- 
definitely or  not,  no  certain  answer  can  be  given. 

Nor  ia  there  now  any  reason  to  suppose  that  our  oum  tteiiar  Byetem  is  sepa- 
rated from  other  stellar  aystoma  by  any  vast  abyss  of  practically  empty 
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Space,  relatively  proportioned  to  that  which  separates  our  planetary  sjstam 
from  the  possible  planetftry  Bystems  of  other  bohb. 

901.  So  iht  Btan  Form  a  Byitemf  —  That  is,  do  they  form  an 
organUied  unit,  in  which,  as  in  the  solar  system,  each  of  the  difietent 
members  has  its  owd  function  and  permanently  maintains  its  relation 
to  the  rest?  Gravitation  probably  operates,  as  indicated'  by  the 
binary  stars,  and  the  stars  are  moving  swiftly  in  various  directions 
with  enormous  velocities,  as  shown  by  their  proper  motions,  and  by 
the  spectroscope.  The  question  is  whether  these  motions  are  con- 
trolled by  gravitation,  and  whether  they  carry  the  stars  in  oHnis  that 
can  be  known  and  predicted. 

That  the  stars  are  organized  into  a  system  or  systems  of  some  sort 
can  hardly  be  doubted.  But  that  the  system  is  one  at  all  after  the 
pattern  of  the  solar  system,  in  which  the  different  members  move 
in  closed  oriits,  —  orbits  that  are  permanent  except  for  the  slow 
changes  produced  by  perturbation,  —  this  is  almost  certainly  im- 
possible, as  was  said  a  few  pages  back. 

90S.    li  there  a  SflTolution  of  the  Wbole  Kan  of  Stan T— A 

favorite  idea  has  been  that  the  mass  of  stars  which  constitutes  our  system 
has  a  b!ow  rotation  like  that  of  a  body  on  its  axis,  the  plane  of  this  general 
levaJution  coiDciding  with  the  plane  of  the  galaxy.  Sach  a  general  mfttiMi 
is  not  in  any  way  inconsistent  with  the  independent  motiona  of  the  indi- 
vidaal  stara,  and  there  ia  perhaps  a  slight  inherent  probability  in  favoi  of 
such  a  movement ;  but  thus  far  we  have  no  evidence  that  it  really  exists — 
indeed,  there  hardly  could  be  any  such  evidence  at  present,  because  exact 
Astronomy  is  not  yet  old  enough  to  have  g^hered  the  necessary  data. 

903.  Central  Bans.  —  A  number  of  speculative  astronomerB,  H&dler 
perhaps  most  prominently,  have  held  the  belief  that  there  isB,"centrai  itm," 
standing  in  some  such  relation  to  the  stellar  system  as  our  sun  does  to  the 

'They  fall  short  of  "demonatraiing"  it,  because,  although  their  ^parent 
motions  are  perfectly  consistent  with  the  universality  of  gravitation,  they  sre 
equally  so  with  several  other  imaginable  laws  of  force.  (See  Article  by  A.  Hall, 
Astron.  Journal,  Vol.  VIII.)  Bnt  all  otber  laws  involve  the  Improbable  condi- 
tion that  the  force  must  vary  with  the  direction  as  well  as  t^e  dMaaee.  Spectro- 
scopic observations  of  the  veioeitg  of  binarlea  are,  however,  theoretically  com- 
petent to  decide  the  question  by  enabling  uh  to  compote  the  actual  orbit  of  a 
binary  from  ita  apparent  orbit  (ae  given  by  the  micrometer)  without  any  asaaTiip- 
tions  as  to  the  law  of  the  central  force.  (See  Art.  8T3.)  Dr.  See  has  recent^ 
worked  out  the  necessary  formula  very  completely. 
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solar  syatam.  It  is  hardly  neqesaary  to  say  that  the  notion  has  not  the 
sl^htest  foundation,  or  even  probability. 

Lambert  supposed  many  such  suns  aa  the  centres  of  subordinate  stellar 
aystenis,  and  because  we  cannot  see  then),  he  imagined  them  to  be  dark. 

If  we  conceive  of  bouodariea  drawn  around  our  stellar  system,  and  count 
all  the  stars  within  the  limits  aa  members  of  it,  leaving  out  of  the  account 
all  that  fall  outside,  then,  of  course,  our  system  so  Umited  has  at  any  moment 
a  perfectly  definite  centre  ofgrav'dy.  There  is  no  reason  why  some  particular 
star  may  not  be  very  near  thSit  centre,  and  in  that  sense  a  *'  central  sun  "  is 
possible  ;  but  its  central  position  would  not  give  it  any  preeminence  or  rule 
over  its  neighbors,  or  put  it  in  any  such  relation  to  the  rest  of  the  stars  as 
the  sun  bears  to  the  planets. 

004.  Oibitt  of  Bon  and  Btan.  —  It  is  practically  certain  that 
the  motions  of  the  stars  are  not  orbital  in  any  strict  sense.  Except- 
ing stars  which  are  in  clusters,  all  other  stars  are  simultanequsly 
acted  upon  by  many  forces  drawing  in  various  and  opposite  direc- 
tions ;  and  these  forces  must  in  most  cases  be  so  nearly  balanced 
that  the  resultant  cannot  be  very  large.  The  motions  of  the  stars 
must  consequently,  as  a  rule,  be  nearly  rectilinear. 

Still  the  balancing  of  the  forces  will  seldom  be  exact,  and  accord- 
ingly the  path  of  a  star  will  almost  always  be  slightly  curved  ;  and 
since  the  amount  and  direction  of  the  resultant  force  which  acts  on 
the  star  is  continually  changing,  the  curvature  of  its  motion  will 
alter  correspondingly,  and  the  result  will  be  a  path  which  does  not 
lie  in  any  one  plane,  but  is  bent  about  in  all  ways  like  a  piece  of 
crooked  wire.  It  is  hardly  likely,  however,  that  the  curvature  of  a 
star's  path  would,  in  any  ordinary  case,  be  such  as  could  be  detected 
by  the  observations  of  a  single  century,  or  even  of  a  thousand 
years. 

As  has  been  said  before,  in  connection  with  the  proper  motions 
of  the  stars,  the  probability  is  that  the  separate  stars  more  nearly 
independently,  "  like  bees  in  a  swarm."  In  the  solar  system  the 
central  power  is  supreme,  and  perturbations  or  deviations  from  the 
path  which  the  central  power  prescribes  are  small  and  transient.  In 
the  stellar  system,  on  the  other  hand,  the  central  force,  if  it  exists 
at  all  (aa  an  attraction  towards  the  centre  of  gravity  of  the  whole 
mass  of  stars)  is  trifling.  Perturbation  prevails  over  regularity, 
and  "individualism"  is  the  method  of  the  greater  system  of  the 
stars,  afl  solar  despotism  is  that  of  the  smaller  system  of  the 
planets. 
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905.  Coamc^oay. —  UnqueatioDably  oue  of  the  most  mteresting, 
and  also  most  baffling,  topics  of  speculation  is  the  problem  of  the 
way  in  which  the  present  condition  of  the  universe  came  about.  By 
what  processes  have  moons  and  earths  and  Jupiters  and  Saturns, 
oome  to  their  present  state  and  into  their  relation  to  the  sun  ?  What 
has  been  their  past  history,  and  what  has  the  future  in  store  for 
them  ?  How  has  the  sun  come  to  his  present  glory  and  dominion  ? 
and  in  the  stellar  universe,  what  is  the  meaning  and  mutual  relation 
of  the  various  orders  of  bodies  we  see,  —  of  the  nebulae,  the  sta^ 
clusters,  and  the  stars  themselves  ? 

In  a  forest,  to  use  a  comparison  long  ^o  employed  by  the  elder 
Herscbel,  we  see  around  us  trees  in  all  stages  of  their  life-historj. 
There  are  the  seedlings  just  sprouting  from  the  acorn,  the  slender 
saplings,  the  sturdy  oaks  in  their  full  vigor,  those  also  that  are  old 
and  near  decay,  and  the  prostrate  trunks  of  the  dead.  Can  we 
apply  the  analogy  to  the  heavens,  and  if  we  can,  which  of  the  objects 
before  us  are  to  be  regarded  as  in  their  infancy,  and  which  of  them 
as  old  and  near  dissolution  ? 

906.  Fundamental  Piinoiplea  of  a  Bational  Cosmogony.— In 
the  present  state  of  science  many  of  the  questions  thus  suggested 
seem  to  be  hopelessly  beyond  the  reach  of  investigation,  while 
others  appear  like  problems  which  time  and  patient  work  will  solve, 
and  others  yet  have  already  received  clear  and  decided  answers. 
In  a  general  way  it  may  be  said  that  the  amdeiuaium  and  aggrtga- 
Hon  of  rarefied  masset  of  matter  under  the  force  of  gravitation;  the 
eonveraion  into  heat  of  the  (potential )  "  energy  of  position  "  destroyed 
by  the  proeeaa  of  condensation ;  the  effect  of  this  heat  upon  the  con- 
tracting mass  itself,  and  the  radiation  of  energy  into  space  and  to  tvr- 
rounding  bodies  as  waves  of  light  and  heat,  —  these  principles  contain 
nearly  all  the  explanations  that  can  thus  far  be  given  of  the  present 
state  of  the  heavenly  bodies. 

907.  Tho  Planetary  Bystom.  —  We  see  that  our  planetary  system 
is  not  a  mere  accidental  aggregation  of  bodies.  Masses  of  matter 
coming  hap-hazard  towards  the  sun  would  move,  as  comets  do,  in 
orbits,  always  conic  sections  to  be  sure,  but  of  every  degree  of  eccen- 
tricity and  inclination.  There  are  a  multitude  of  relations  actually 
observed  in  the  planetary  system  which  are  wholly  independent  of 
gravitation  and  demand  an  explanation. 
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1.  The  orbits  are  all  nearly  circular. 

2.  They  are  all  nearly  m  one  plane  (excepting  the  cases  of  some 
of  the  little  asteroids). 

3.  The  revolution  of  all  is  in  the  same  direcHon. 

4.  There  is  a  curiously  regvlar  progression  of  distance  (expressed 
by  Bode's  law,  which,  however,  breaks  down  at  Neptune). 

6.  There  is  a  roughly  regular  progression  of  density,  increasing 
both  ways  from  Saturn,  the  least  dense  of  all  the  planets  in  the 
system. 

As  regards  the  planets  themaelves,  we  have 

6.  The  plane  of  the  planets'  rotation  nearly  coinciding  with  that  of 
the  orbit  (probably  excepting  Uranus). 

7.  The  direction  of  the  rotation  the  same  as  that  of  the  orbital 
revolution  (excepting  probably  Uranus  and  Neptune). 

5.  The  plane  of  orbital  revolution  of  the  satellites  coinciding  nearly 
with  that  of  the  planet's  rotation. 

9.   The  direction  of  the  satellites'  revolution  also  eoinciding  with 
that  of  the  planet's  rotation. 
10.  The  latest  planets  rotate  most  swiftly. 

908.  Origiii  of  the  ITebolar  Hypotheaii.  ~  Now  this  ia  evidently  a 
good  arrangement  for  a  planetary  system,  and  therefore  some  have  inferred 
that  the  Deity  made  it  so,  perfect  from  the  first.  But  to  one  who  considers 
the  way  in  which  other  perfect  works  of  nature  usually  come  to  their  perfec- 
tion—  their  processes  of  growth  and  development  —  this  explanation  seems 
improbable.  It  appears  far  more  likely  that  the  planetary  system  grem  than 
that  it  was  built  outright. 

Three  diffeient  philoBophen  in  the  last  century,  Swedenborg,  Kant,  and 
La  Place  (only  one  of  them  an  astronomer),  independently  proposed  essen- 
tially the  same  hypothesis  to  account  for  the  system  as  we  now  know  it. 
La  Place's  theory,  as  might  have  been  expected  from  his  mathematical  and 
gcientifio  attainments,  was  the  most  carefully  and  reasonably  worked  ont  in 
detail.  It  was  formulated  before  the  discovery  of  the  great  principle  of  the 
"conservation  of  energy,"  and  before  the  mechanical  equivalence  of  heat 
with  other  forms  of  energy  v/as  known,  so  that  in  some  respects  it  is  defec- 
tive, and  even  certainly  wrong.  In  its  main  idea,  however,  that  the  solar 
system  onee  existed  as  a  nebnloos  mass  and  has  reached  its  present  state  as 
the  result  of  a  series  of  purely  physical  processes,  it  seems  certain  to  prove 
correct,  and  it  forms  the  foundation  of  all  the  current  speculations  upon  the 
subject. 

009.  La  Plaos'i  Theory.  —  (a)  He  supposed  that  at  some  past 
time,  which  may  be  taken  as  the  starting-point  of  our  system's 
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history  (though  it  is  not  to  be  considered  a8  the  beginning  of  the 
existence  of  the  ntbitartce  of  which  our  system  is  composed),  the 
matter  nov  collected  in  the  buq  and  planets  was  in  the  form  of  a 
tiebula. 

(b)  This  nebula  was  a  cloud  of  intensely  heated  gas,  perhaps  hotter, 
as  be  supposed,  tbau  the  sun  is  now. 

(e)  This  nebula,  under  the  action  of  its  own  gravitation,  assumed 
an  approximately  globular  form  with  a  rotation  around  an  axis.  As 
to  this  movement  of  rotation,  it  appears  to  be  necessary  to  account 
for  it  by  supposing  that  the  different  portions  of  the  nebula,  before 
the  time  which  has  been  taken  as  the  starting-point,  had  motions  of 
their  own.  Then,  unless  these  motions  happened  to  be  balanced  in 
the  most  perfect  and  improbable  manner,  a  motion  of  rotation  would 
set  in  of  itself  as  the  nebula  contracted,  just  as  water  whirls  in  a 
basin  when  drawn  off  by  an  orifice  in  the  bottom.  The  velocity  of 
this  rotation  would  become  continually  swifter  as  the  volume  of  the 
nebula  diminished,  the  so-called  "moment  of  momentum"  remaining 
necessarily  unchanged. 

910.  (d)  In  consequence  of  this  rotation,  the  mass,  instead  of 
remaining  spherical,  would  become  much  flattened  at  the  poles,  aud 
as  the  rotation  went  on  and  the  motion  became  accelerated,  the  time 
would  come  when  the  centrifugal  force  at  the  equator  of  the  nebula 
would  become  equal  to  gravity,  and  "rings  of  nebulous  matter" 
would  be  abandoned  (not  thrown  off),  resembling  the  rings  of  Saturn, 
which,  indeed,  suggested  this  feature  of  the  theory- 

(e)  A  ring  would  revolve  for  a  while  as  a  whole,  but  in  time  would 
break,  and  the  material  would  collect  into  a  single  globe.  La  Place 
supposed  that  the  ring  would  revolve  as  if  it  were  solid,  the  outer 
edge,  therefore,  moving  more  swiftly  than  the  inner.  If  this  were 
so,  the  mass  formed  from  the  collection  of  the  matter  of  the  ruptured 
ring  would  necessarily  rotate  in  the  same  direction  as  the  ring  had 
revolved. 

(f)  The  planet  thus  formed  would  continue  to  revolve  around  tbe 
central  mass,  and  might  itself  in  turn  abandon  rings  which  might 
break,  and  so  furnish  it  with  a  retinue  of  satellites. 

911.  It  is  obvious  that  this  theory  meets  completely  most  of  tbe 
conditions  of  the  problem.  It  explains  every  one  of  the  facts  just 
mentioned  as  demanding  explanation  in  the  solar  system.     Indeed, 
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it  explains  them  almost  too  well ;  for  as  the  theory  stands  it  meets 
a  most  serious  difficulty  ia  the  exceptional  oases  of  the  plaaetary 
system,  such  as  the  anomalous  and  retrograde  revolutioiiB  of  the 
satellites  of  Uranus  and  Neptune.  Another  difficulty  lies  in  the 
swift  revolution  of  Fhobos  (Art.  590),  the  inuer  satellite  of  Mars. 
According  to  the  unmodified  nebular  hypothesis,  no  planet  or 
satellite  could  have  a  time  of  revolution  less  than  the  time  of 
rotation  which  the  central  body  would  have,  if  expanded  until 
its  radiuB  becomes  equal  to  the  radius  of  the  satellite's  orbit ; 
still  less  could  it  have  a  period  shorter  than  the  central  body 


91S.  Heoouftry  Hodifloationi.  —  The  principal  modifications 
which  seem  essential  to  the  theory  in  the  light  of  our  present 
knowledge,  are  the  following.  (The  small  letters  indicate  the 
articles  of  the  original  theory  to  which  reference  is  made.) 

(b)  It  is  not  probable  that  the  original  nebula  could  have  been  ai 
a  temperature  even  nearly  as  high  as  the  present  temperature  of  the 
sun.  The  process  of  condensation  of  a  gaseous  cloud  from  loss  of 
heat  by  radiation  would  cause  the  temperature  to  rise,  according  to 
the  remarkable  and  almost  paradoxical  law  of  Lane  (Art.  3d7), 
until  the  mass  had  begun  to  liquefy  or  solidify.  And  it  appears 
probable  that  the  original  nebula,  instead  of  being  purely  gaseous, 
was  rather  a  cloud  of  dust  than  a  "fire^nist";  i.e,  that  it  was  made 
up  of  finely  divided  particles  of  solid  or  liquid  matter,  each  particle 
enveloped  in  a  mantle  of  permanent  gas.  Such  a  nebula  in  con- 
densing would  rise  in  temperature  at  first  as  if  purely  gaseous,  so 
that  its  central  mass  after  a  time  would  reach  the  solar  stage  of 
temperature,  the  solid  and  liquid  particles  melting  and  vaporizing 
as  the  mass  grew  hotter.  At  a  subsequent  stage,  when  yet  more  of 
the  original  energy  of  the  mass  had  been  dissipated  by  radiation, 
the  temperature  of  the  bodies  which  were  formed  from  and  within 
the  nebula  would  fall  agtun. 

And  yet  La  Place  mai/  have  been  right  in  ascribing  a  high  temperature  to 
the  original  nebula.  If  that  were  really  the  case,  the  only  difference  would 
be  that  the  nebula  would  he  longer  in  reaching  the  condition  of  a  solar 
sjBtem ;  bnt  it  is  not  neceisary,  as  he  supposed,  to  assume  that  the  original 
temperature  was  high,  and  that  the  matter  was  originally  in  a  purely  gaseous 
condition,  in  order  to  account  for  the  present  existence  of  such  a  group  of 
bodies  as  the  inoandesoent  sun  uid  its  cool  attendant  planets. 
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913.  (d)  Ab  regards  the  manner  in  which  the  planetary  bodies 
were  probably  liberated  from  the  parent  mass,  it  seems  to  be  very 
doubtful  whether  the  matter  accumulated  at  the  equator  of  the  rotat- 
ing mass  would  usually  separate  itself  as  a  ring.  If  a  plastic  mass 
in  swift  rotation  is  not  absolutely  homogeneous  and  symmetrical,  it 
is  more  likely  to  become  distorted  by  a  lump  formed  somewhere  on 
its  equator,  which  lump  may  be  finally  detached  and  circulate  around 
its  primary.  The  formation  of  a  ring,  though  possible,  would  seem 
likely  to  be  only  a  rare  occurrence. 

La  Place  seems  to  have  believed  also  that  the  outer  rings  must 
necessarily  have  been  abandoned  first,  and  the  others  in  regular  suc- 
cession, so  that  the  outer  planets  are  much  the  older.  It  seems,  how- 
ever, quite  possible,  and  even  probable,  that  several  of  the  planets 
may  be  of  about  the  same  age,  more  than  one  ring  having  been 
liberated  at  the  same  time ;  or  several  planets  having  been  formed 
from  different  zones  of  the  same  ring. 

(e)  In  the  case  where  a  ring  was  formed,  it  is  practically  certain 
that  it  could  not  have  revolved  as  a  solid  sheet;  i.e.,  with  the  same 
angular  velocity  for  all  the  particles,  and  with  the  outer  portions, 
therefore,  moving  more  swiftly  than  the  inner.  If,  for  instance,  the 
matter  which  now  constitutes  the  earth  were  ever  distributed  to  form 
a  ring  occupying  anything  like  half  the  distance  from  Venus  to  Mars, 
it  must  have  been  of  a  tenuity  comparable  only  to  that  of  a  comet. 
The  separate  particles  of  such  a  ring  could  have  had  very  little  con- 
trol over  each  other,  and  must  have  moved  independently;  the  outer 
ones,  like  remoter  planets,  making  their  circuits  in  longer  periods 
and  moving  more  slowly  than  those  near  the  inner  edge,  as  is  now 
known  to  be  the  case  with  Saturn's  rings  (Art.  641*). 

914.  Trovbridge's  Explanation  of  the  Anomftloiu  Botation  of 
Uiannt  and  Keptnne.— When  such  a  ring  concentrates  into  a  single 
mass,  the  direction  of  the  rotation  of  the  resultant  planet  depends 
upon  the  manner  in  which  the  matter  was  originally  distributed. 
If  the  ring  be  nearly  of  the  same  density  throt^hout,  the  resulting 
planet  (which  would  be  formed  at  about  the  middle  of  the  ring's 
width)  must  have  a  retrograde  rotation  like  Uranus  and  Neptune. 
But  if  the  particles  of  the  ring  are  more  closely  packed  near  its 
inner  edge,  so  that  the  resultant  planet  would  be  formed  much  within 
the  middle  of  its  width,  its  asial  rotation  must  be  direct.  In  the 
first  case,  illustrated  in  Fig.  233  (a),  the  particles  near  the  inner  edge 
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of  the  ring  would  control  the  rotation,  havlDg  a  greater  moment  of 
rotation  with  respect  to  M,  where  the  planet  is  suppoaed  to  be  formed, 
than  those  at  the  outer  edge.  The  rotation,  therefore,  will  be  retro- 
grade, on  account  of  their  greater  Telocity. 

In  the  other  case,  Fig.  233  (b),  where  the  inner  edge  of  the  ring 
is  densest,  and  the  planet  is  formed  as  at  N,  much  nearer  the  inner 
than  the  outer  edge  of  the  ring,  the  aggregate  moment  of  rotation 
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with  respect  to  N  is  greater  for  the  particles  beyond  N  (because  of 
their  greater  distance  from  it)  than  that  of  the  swifter  moving  parti- 
cles within,  and  this  determines  a  direct  rotation. 

The  fact  that  the  satellites  of  Uranus  and  Neptune  revolve  back- 
wards is  not,  therefore,  at  all  a  bar  to  the  acceptance  of  the  nebular 
hypothesis,  as  sometimes  represented.  If  a  new  planet  should  ever 
be  discovered  outside  of  Keptune  it  is  altogether  probable  that  its 
satellites  would  be  found  to  retrograde. 

This  is  not  the  only  way  in  which  the  retrograde  rotation  of  the  outer 
planets  may  be  accounted  for.  The  theory  of  "tidal  cyolution"  (Art.  RIS) 
indicates  ways  in  which  an  or^nal  rotation  might  be  reuened,  and  its  period 
greatly  changed.     See  also  the  next  Article. 

915.  Faye  in  1884  propounded  a  modification  of  the  nebular  hypoth- 
eeiB  which  makes  the  planets  of  tha  "  terrestrial  group  "  (Mercury,  VenuB, 
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the  Earth,  nnd  iStav)  older  than  the  outer  ones.'  He  sappoaea  that  the 
planets  were  formed  by  local  condenBations  (not  by  the  formation  of  riogs) 
within  the  revolving  nebula.  At  first,  before  the  nebula  was  much  condensed 
at  the  centre,  the  inward  attraction  would  be  at  any  point  directly  propor- 
tional to  the  distance  of  that  point  from  the  centre  of  gravity  oi  the  nebula;  i.e., 
the  force  could  beexpreesed  by  the  equation  F—  ar.  After  the  condensation 
has  gone  80  far  that  practically  almost  the  whole  of  the  matter  is  collected 
at  the  centre  of  the  nebula,  the  force  is  invergelg  praportional  to  the  iqaare  oj 
the  diitance, — the  ordinaiy  law  of  gravitation. 

At  any  intermediate  time,  during  the  gradual  condensation  of  the  nebula, 
the  intenBity  of  the  central  force  will,  therefore,  be  given  by  an  ezprcssion 
having  the  fortn 

F=ar  +  ^> 
r  being  the  distance  of  the  body  acted  upon  from  the  centre  of  gravity  of 
the  nebula,  while  a  and  b  are  coefficients  which  depend  upon  its  age ;  a  con- 
tinually decreasing  as  the  nebula  grows  older,  while  b  iucreases.  The  planets 
formed  within  the  nebula  when  it  was  young,  i.e.,  when  a  was  large  and  b 
was  small,  would  have  direct  rotation  upon  their  axes,  while  those  formed 
after  a  had  seusibly  vanished  would  have  a  retrograde  rotation;  and  this 
he  supposes  to  be  the  case  with  Uranus  and  Neptune,  which  he  considers 
younger  than  the  inner  planets.  Faye's  work  "  L'Origine  du  Monde,"  1885, 
contains  an  excellent  summary  of  the  views  and  theories  of  the  different 
astronomers  who  have  speculated  upon  the  cosmogony. 

916.  Tidal  Evolation.  — About  1886  Prof.  George  H.  Darwin 
(son  of  the  great  naturalist)  made  some  important  investigations 
upon  the  effect  of  tidal  reaction  between  a  cential  mass  and  a  body 
revolving  about  it,  both  of  them  being  supposed  to  be  of  such  a 
nature  (i.e.,  not  absolutely  rigid)  that  tides  can  be  raised  upon 
them  by  their  mutual  attraction.  We  have  already  alluded  to  the 
subject  in  connection  with  the  tides  (Art  484).  He  finds  in  this 
reaction  an  explanation  of  many  puzzling  facta.  It  appears,  for 
instance,  that  if  a  planet  and  its  satellite  have  ever  had  their  times 
of  rotation  of  the  same  length  as  the  time  of  their  orbital  revolution 
around  their  common  centre  of  gravity,  then,  starting  from  that 
time,  either  of  two  things  might  happen, —  the  satellite  might  begin 
to  recede  from  the  planet,  or  it  might  fall  back  to  the  central  mass. 
The  condition  is  one  of  unstable  equilibrium,  and  the  slightest  cause 

'  11  Mare  ultimately  proves  to  be  warmer  than  the  earth  (see  Art.  589)  It  will 
be  a  strong  argument  in  favoi  ol  Faye'a  hypothesis. 
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might  deteimioe  the  anbsequent  course  of  thiiigs  in  either  of  the 
two  opposite  directioDs.  Whenever  the  time  of  rotation  of  the 
planet  is  shorter  than  the  orbital  period  of  the  satellite  (as  it  would 
naturally  become  by  condensation  continuing  after  the  separation  of 
the  satellite),  the  tendency  would  be,  as  explained  in  Art  484, 
slightly  to  accelerate  the  satellite,  and  so  to  cause  it  continually  to 
recede  by  an  action  the  reverse  of  that  produced  by  the  hypothetical 
resisting  medium  which  is  supposed  to  disturb  Encke's  comet.  This, 
it  will  be  remembered,  is  thought  to  be  the  case  with  our  moon. 

917.  But  if  by  any  means  the  rotation  of  the  planet  were  retarded, 
so  that  its  day  should  become  longer  than  the  period  of  the  satellite, 
the  tides  produced  by  the  satellite  upon  the  planet  will  then  retard 
the  motion  of  the  satellite  like  a  resisting  medium,  and  so  will  cause 
a  continual  shortening  of  its  period,  precisely  as  in  the  case  of 
Encke's  comet.  If  nothing  intervenes,  this  action  will  in  time  bring 
down  the  satellite  upon  the  planet's  surface.  Now  in  the  case  of 
Mars  there  is  a  known  cause  operating  to  retard  its  rotation  (namely, 
the  tides  which  are  raised  by  the  sun  upon  the  planet),  and  those 
who  accept  the  theory  of  tidal  evolution  surest  that  this  was  the 
cause  which  first  made  the  length  of  the  planet's  day  to  exceed  the 
period  of  the  satellite,  and  so  enabled  the  planet  to  establish  upon 
the  satellite  that  retardation  which  has  shortened  its  little  month, 
and  must  ultimately  bring  it  down  upon  the  planet. 

Processes  such  as  these  of  tidal  evolution  must  necessarily  be 
extremely  slow.  How  long  are  the  periods  involved,  no  one  can  yet 
estimate  with  any  precision,  but  it  is  certain  that  the  years  are  to 
be  CDonted  by  the  million. 

(We  have  already  referred  the  reader  (Art.  484")  to  the  last  chapter  of 
Ball's  '■  Story  of  the  Heavens  "  as  contaiiiing  an  excellent  and  easily  under, 
■tood  explanation  of  this  subject) 

918.  Conolniiona  derived  from  the  Theory  of  Heat.  —  Aa  Profes- 
sor Newcomb  has  said,  "  Kant  and  La  Place  seem  to  have  arrived 
at  the  nebular  hypothesis  by  leasomng  forwards.  Modem  science 
obtains  a  similar  result  by  reasoning  backwards  from  actions  which 
we  now  see  going  on  before  our  eyes." 

We  have  abundant  evidence  that  the  earth  was  once  at  a  much 
higher  temperature  than  now.  As  we  penetrate  below  the  surface 
we  find  the  temperature  continually  rising  at  a  rate  of  about  1°  F. 
for  every  fifty  or  sixty  feet,  thus  indicating  that  at  the  depth  of  a 
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few  miles  the  temperature  must  be  far  above  incandescence.  Now, 
since  the  surface  temperature  is  so  much  lower,  this  implies  one  (or 
both)  of  two  things,  —  either  that  heat-making  processes  are  going 
on  within  the  earth  (which  may  be  true  to  some  extent),  or  else  that 
the  earth  has  been  much  hotter  than  it  now  is,  and  is  cooling  off,  — 
and  this  seems  to  be  a  most  probable  supposition.  It  is  just  as 
reasonable,  as  Lord  Kelvin  expresses  it,  to  suppose  that  the  earth 
has  lately  been  intensely  heated  as  to  suppose  that  a  warm  stone 
that  one  picks  up  in  the  field  has  been  lately  somewhere  in  the  fire. 

819.  Evidence  derived  from  the  Condition  of  the  Xoon  and 
Planets.  —  In  the  case  of  the  moon  we  find  a  body  bearing  upon  its 
surface  all  the  marks  of  past  igneous  action,  but  now  in  appearance 
intensely  cold.  The  planets,  so  far  as  we  can  judge  from  what  we 
can  see  through  the  telescope,  corroborate  the  same  conclusion. 
Their  testimony  is  not  very  strong,  but  it  is  at  least  true  that 
Qotbing  in  the  aspect  of  any  of  them  militates  against  die  view  that 
they  also  are  bodies  cooling  like  the  earth ;  and  in  the  oases  of 
Jupiter  and  Saturn  many  phenomena  go  to  show  that  they  are  still 
(or  at  least  now)  at  a  high  temperature,  —  as  might  be  expected  of 
bodies  of  such  an  enormous  mass,  which,  necessarily,  other  things  being 
equal,  would  cool  much  more  slowly  than  smaller  globes  like  the  earth. 

The  ratio  of  surface  to  mass  is  smaller  as  the  diameter  of  a  globe  grows 
larger,  and  upon  this  ratio  the  rate  of  cooling  of  a  body  largely  depends.  In 
short,  everything  we  con  ascertain  from  the  observation  of  the  planets  threes 
completely  with  the  idea  that  they  have  come  to  their  present  condition  by 
cooling  doion  from  a  molten  or  even  gaseota  itate. 

920.  The  Sun's  Testimony.  —  In  the  sun  we  have  a  body  steadily 
pouring  forth  an  absolutely  inconceivable  amount  of  heat,  without 
any  visible  source  of  supply.  Thus  far  the  only  reasonable  hypoth- 
esis to  account  for  this,  and  for  a  multitude  of  other  phenomena 
which  it  shows  us,  is  the  one  which  makes  it  a  great  cloud-mantled 
ball  of  incandescent  gases,  slowly  shrinking  under  its  own  central 
gravity,  converting  continually  a  portion  of  its  "potential  energy  of 
position  "  *  into  the  kinetic-energy  of  heat,  which  at  present  is  mainly 
radiated  off  into  space. 

'  3y  "jwfenltoi  enei^of  posiUon"  is  meant  the  energy  due  to  the  separated 
condition  of  its  particles  from  each  other.  As  tbey  loll  tc^jether  and  towards 
tlie  centre  in  tlie  sbrinkage  of  the  son,  they  "  do  work  "  In  precisely  the  same 
•my  as  an;  falling  weight. 
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We  say  mainlg,  because  it  is  not  impossible  that  the  sun's  temperature  is 
even  yet  slowly  rising,  and  that  the  maximum  has  not  yet  been  reached. 
We  are  not  sure  whether  all  the  heat  produced  by  the  sun's  annual  shrinkage 
is  radiated  into  space,  or  whether  a  portion  is  retained  within  its  mass,  thus 
raising  its  temperature ;  or  whether,  ^ain,  it  radiates  more  than  the  amount 
thuB  generated,  so  that  its  temperature  is  slowly  diminisbing. 

931.  That  the  sun  is  really  shrinking  is  admittedly  only  an  infereoce, 
foT  the  shrinkage  must  be  far  too  slow  for  direct  observation.  Our  case  is 
like  that  of  a  man  who,  to  use  one  of  Professor  Newcomb's  illustrations, 
when  he  comes  into  a  room  and  finds  a  clock  in  motion,  concludes  that  the 
clock-weight  is  descending,  even  though  its  motion  is  too  slow  to  be  observed. 
Knowing  the  construction  of  the  clock  and  the  errangenient  of  its  gearing, 
and  the  number  of  teeth  in  each  of  its  different  wheels,  he  states  confidently 
just  how  many  thousandths  of  an  inch  the  weight  sinks  at  each  vibration  of 
the  pendulum;  and  looking  into  the  clock-case  and  measuring  the  length  of 
the  space  in  which  the  weight  can  move,  and  noting  ita  present  place,  he 
proceeds  to  state  hpw  long  ago  the  clock  was  wound  up,  and  how  long  it  has 
yet  to  run.  We  must  not  push  the  analogy  too  far,  but  it  ia  in  some  such 
way  that  we  conclude  from  our  measurements  of  the  sun's  annual  output  of 
energy  in  the  form  of  heat,  how  fast  it  is  shrinking,  aud  we  find  that  ita 
diameter  most  diminish  not  far  from  200  feet  in  a  year ;  at  Isast.  the  Iosb  oi 
potential  energy  correaponding  to  that  amount  of  shrinkage  would  account 
for  one  year's  running  of  the  solar  mechanism. 

938.  Age  of  the  Solar  Syatom.  —  Looking  backward,  then,  in 
imagination  we  see  the  sun  growing  continually  larger  through  the 
reversed  course  of  time,  expanding  and  becoming  ever  leas  and  less 
dense,  until  at  some  epoch  in  the  paat  it  filled  all  the  space  now 
included  within  the  largest  orbit  of  the  solar  system. 

How  1  ng  a^  that  was  no  one  can  say  with  certainty.  If  we  could 
assume  that  the  amount  of  potential  energy  lost  by  contraction,  con- 
verted into  the  actual  energy  of  heat  and  radiated  into  space,  has 
been  the  same  each  year  through  all  the  intervening  ages,  and, 
moreover,  that  all  the  heat  radiated  haa  come  from  this  source  only, 
without  subsidy  from  any  original  store  of  heat  contained  in  aji 
original  "  fire  miat,"  or  from  energy  derived  from  outside  souroes, 
then  it  ia  not  difiicult  to  conclude  that  the  aun's  paat  history  must 
cover  some  15  000000  or  20  000000  yeara. 

But  the  assumption  that  the  loss  of  heat  has  been  even  nearly 
uniform  is  extremely  improbable,  considering  how  high  the  present 
temperature  of  the  sun  must  be  as  compared  with  that  of  the  original 
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nebula,  and  how  the  ratio  of  surface  to  eolid  content  has  increased 
with  the  lessening  diameter. 

Nor  is  it  unlikely  that  the  sun  may  nave  received  energy  from 
other  sources'than  its  own  contraction.  Altogether  it  would  seem 
that  we  must  consider  the  15  000000  years  to  he  the  least  possible 
value  of  a  duration  which  may  hare  been  many  times  uiore  extended. 
If  the  nebular  hypothesis  and  the  theory  of  the  solar  contraction 
be  true,  the  sun  must  be  as  old  as  that, — how  much  older  no  one 
can  tell  with  certainty.  Lord  Kelvin,  however,  from  considerations 
based  mainly  on  the  observed  rise  of  temperature  downwards  from 
the  surface  of  the  earth,  and  the  heat-conducting  power  of  our  rocks 
is  disposed  to  set  a  maximum  limit  of  from  100  000000  to  200  000000 
years  for  the  possible  a^  of  the  earth. 

It  is  precisely  here  that  the  nebtilar  hypothesis  encounters  its  most  seriouH 
difficulty.  It  would  neem  that  vastly  longer  perioda  oC  time  must  have  been 
required  for  the  formation  of  rings  and  nebuloua  planets,  and  for  their  con- 
centration into  such  bodiea  as  we  now  find  circulating  around  the  son. 

923.  Future  Prospeota. — Looking  forward  towards  the  future,  it 
is  easy  to  conclude  also  that  at  its  present  rate  of  radiation  and  con- 
traction the  sun  must,  within  5  000000  or  10  000000  years,  become 
so  dense  that  the  conditions  of  its  constitution  will  be  radically 
changed,  and  to  such  an  extent  that  life  on  the  earth,  as  we  now 
know  life,  would  probably  be  impossible.  If  nothinif  intervenes  to 
reverse  the  course  of  things,  the  sun  must  at  last  solidify  and  become 
a  dark,  rigid  globe,  frozen  and  lifeless  among  its  lifeless  family  of 
planets.  At  least,  this  is  the  necessary  consequence  of  what  now 
seems  to  science  to  be  the  true  account  of  its  present  activity  and 
the  story  of  its  life. 

924.  Stan,  Btar-Clusten,  uid  the  Hebulsa. — It  is  obvious  that  the 

same  nebular  hypothesis  applies  satisfactorily  to  the  explanation  of 
the  relation  of  these  different  classes  of  bodies  to  each  other.  In 
fact,  Herschel,  appealing  only  to  the  law  of  continuity,  had  concluded 
before  La  Place  formulated  his  theory,  that  nebulEe  develop  some- 
times into  clusters,  sometimes  into  double  or  multiple  stars,  and 
sometimes  into  single  ones.  He  showed  the  existence  in  the  sky  of 
all  the  intermediate  forms  between  the  nebula  and  the  iintshed  star. 
For  a  time,  about  the  middle  of  our  century,  while  it  was  generally 


^  Fruui  the  atomic  disiDlegralion  of  radio-active  subeiancea,  for  in 
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auppofled  that  all  nebuUe  were  nothing  but  star-clusters,  too  remote 
to  be  reaolved  by  existing  telescopes,  his  views  fell  rather  into  abey- 
ance ;  but  when  the  spectroscope  demonstrated  the  substantial  differ- 
ences between  the  gaaeous  nebnlee  and  the  star-clusters,  they  regained 
acceptance  in  their  essential  features ;  with  perhaps  the  reservation, 
that  many  are  disposed  to  believe  that  the  rarest  even  of  nebulous 
matter,  instead  of  being  purely  gaseous,  is  full  of  solid  and  liquid 
particles  like  a  cloud  of  fog  or  smoke. 

92fi.  The  Freuut  Syitem  not  EtemaL — One  lesson  seems  to 
stand  out  clearly,  — that  the  present  system  of  stare  and  worlds  is 
not  an  eternal  one.  We  have  before  us  irrefragable  evidence  of 
continuous,  uncompensated  progress,  inexorable  in  one  direction. 
The  hot  bodies  are  losing  their  heat,  and  distributing  it  to  the  cold 
ones,  so  that  there  is  a  steady,  unremitting  tendency  towards  a 
uniform(and  therefore  useless)  temperature  throughout  the  universe ; 
for  heat  does  vstrk,  and  is  avaHable  as  energy  onlif  when  it  can  pais 
from-  hotter  to  cooler  bodies,  so  that  this  warmii^  up  of  cooler  bodies 
at  the  expense  of  hotter  ones  always  involves  a  loss,  not  of  energy 
(for  that  is  indestructible),  but  of  availabU  energy.  To  use  the 
technical  language  now  usually  employed,  energy  is  unceasingly 
"disHpated"  by  the  processes  which  maintain  the  present  life  of 
the  universe ;  and  this  dissipation  of  energy  can  have  but  one  ulti- 
mate result, — that  of  absolute  sti^ation  when  a  uniform  tempera- 
ture  has  been  everywhere  attained.  If  we  carry  our  imagination 
backwards  we  reach  at  last  a  "beginning  of  things,"  which  has  no 
intelligible  antecedent :  if  forwards,  an  end  of  things  in  stagnation. 
That  by  some  process  or  other  this  end  of  things  will  result  in 
"new  heavens  and  a  new  earth"  we  can  hardly  doubt,  bat  science 
has  as  yet  no  word  of  explanation. 

926.  Sir  Ifomuui  Ziookyei'i  Xeteoritio  Hypothesit.  —  The  idea 
that  the  heavenly  bodies  in  their  present  state  may  have  been 
formed  by  the  aggregation  of  meteoric  matter,  rather  than  by  the 
condensation  of  a  gaseous  mass,  is  not  new,  and  not  original  with 
Mr.  Lockyer,  as  he  himself  points  out.  But  his  adoption  and 
advocacy  of  the  theory,  and  the  support  he  brings  to  it  from  spec- 
troscopic experiments  on  the  light  emitted  by  fragments  of  meteoric 
stones  under  different  conditions,  has  given  it  such  currency  that 
bis  name  will  always  be  justly  associated  with  it.  We  have  already 
referred  to  it  in  several  places  (Arts.  850  and  894  especially). 
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He  beliereB  that  he  finds  in  the  spectra  of  meteorites,  under  vari- 
ous conditions,  an  explanation  of  the  spectra  of  comets,  nebulEB, 
and  all  the  different  types  of  stars,  as  irell  as  the  spectra  of  the 
Aurora  Borealis  and  the  Zodiacal  L^ht. 

Assuming  this,  he  considers  that  nebulce  are  meteoric  swarms  in 
the  initial  stages  of  condensation,  the  separate  individuals  being  still 
widely  separated,  and  collisions  comparatively  infrequent 

As  aggregation  goes  on,  the  nebulae  become  ttars,  which  run 
through  a  long  life-history,  the  temperature  first  increasing  slowly 
to  a  maximum,  and  then  falling  to  non-luminosity.  During  this  life- 
history  the  stars  pass  through  successive  st^es,  each  sb^  char- 
acterized by  its  own  typical  spectrum.  Lookyer  has  also  proposed 
an  elaborate  classification  of  stellar  spectra  arranged  according  to 
these  hypothetical  stages ;  but  it  has  not  yet  secured  general 
acceptance,  probably  because  its  theoretical  basis  appears  to  be 
insufficiently  established. 

The  hypothesis  receives  a  certain  support  from  a  most  interesting 
mathematical  investigation  of  Prof.  George  Darwin,  who  shows 
that,  if  we  assume  a  meteoric  swarm  comparable  in  dimensions  with 
our  solar  system,  composed  of  individual  masses  such  as  fall  on  the 
earth,  and  endowed  with  such  velocities  as  meteors  are  known  to 
have,  such  a  swarm,  seen  from  the  distance  of  the  stars,  viovld 
behave  like  a  mats  composed  of  a  eontinutma  gas.  This  is  not  strange, 
since,  according  to  the  kinetic  theory  of  gases,  a  gaa  is  simply  a 
swarm  of  molecule*,  behaving  in  just  the  way  the  meteorites  are 
supposed  to  act. 

826*.  The  Flanetesimal  Hypothesis. — This  is  a  new  form  of  the 
meteoric  theory,  recently  proposed  and  developed  by  Ghamberlin 
and  Moulton.  It  assumes  as  the  origin  of  the  solar  system,  a 
spiral  nebula,  composed  largely  of  little  masses  (planetesimals) 
moving  around  the  centre,  generally  in  the  same  direction,  but  in 
orbits  that  vary  in  inclination,  eccentricity,  and  period,  and  are 
subject  to  continual  perturbation.  There  results  a  very  slow  accre- 
tion of  the  planetesimals  into  planets,  with  very  little  development 
of  heat,  since  the  relative  velocities  of  the  colliding  bodies  are 
very  small. 

A  great  advantage  of  this  theory  is  that  it  allows  time  enough  to 
satisfy  the  most  exorbitant  demands  of  geology  and  biology. 
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EX£BCI8BB    ON   GbAFTKB  XXII. 

1.  Find  the  mass  of  the  syBtem  of  Alpha  Centanri  from  the  data  glyeit 
in  Tahles  IV.  and  T.  —  namely,  parallax  (p)  =  0".75,  semi-major  axis  of 
orbit  (a")  =  17".70,  and  period  (t)  =  81.1  years. 

Am.   Mass  of  system  =  2.00  X  maaa  of  the  sun. 

2.  Find  the  mass  of  the  system  of  Siiius  from  the  tabular  data. 

Ant.  2.78  X  mass  of  the  sun. 

3.  Find  the  mass  of  the  system  of  Bta  Casaiopeice  from  the  tabular  data. 

Ara.  0.34  X  mass  of  the  sun. 

4.  Find  the  mass  of  the  system  of  70  Ophiuchi  from  the  tabular  data. 

Ani.  0.77  X  mass  of  the  snn. 

5.  Find  the  radius  of  the  apparent  orbit  of  the  spectroscopic  binary  3105 
Lacaiile,  the  relative  velocity  of  the  components  being  3S5  miles  a  second, 
and  the  period  3  days,  2  hours,  and  46  minutes,  as  indicated  by  the  doubling 
of  the  tines  in  the  spectrum.  Assume  that  the  orbit  is  circular,  that  its 
plane  is  directed  towards  the  sun,  and  that  the  two  components  are  equal. 

Ana.   Radius  of  orbit  =  16  493000  miles. 

6.  Compute  the  mass  of  the  system  on  the  same  assumptions  as  above, 
remembering  that  the  radius  of  this  apparent  orbit  is  also  the  radius  of  the 
relative  orbit  which  each  component  describes  around  the  other  regarded  as 
**  '***■  Am.   76.75  x  mass  of  the  sun. 

7.  Carry  out  similar  computatiors  for  the  systems  of  Zeta  ViBte  Majoris, 
Beta  Aurige,  and  Mu  Scorpii,  using  the  data  of  Art.  879. 

8.  Determine  the  radius  of  the  orbit  described  by  Spica  Virginis,  as 
shown  by  the  shift  of  the  lines  in  ite  spectrum.  Velocity  =  66.6  miles  a 
second ;  period  =  4  days  and  19  minutes.  Orbito  assumed  circular  and  in 
plane  of  the  sun.  ^^    Radius  =  3 123500  miles. 

9.  From  this  determine  the  mass  of  the  system,  assuming  that  the  mass 
of  the  bright  star  is  infinitesimal  as  compared  with  that  of  the  dork  star; 
i.«.,  that  it  is  a  small  planet  revolving  around  a  dark  central  sun.  (A  very 
improbable  hypothesis  of  course.) 

Ant.  0.315  X  mass  of  the  sua. 

10.  What  is  the  mass  of  the  system  if  the  dark  star  is  equal  to  the  bright 
one?  (In  this  case  the  radius  of  the  relative  orbit  is  the  diameter  of  the 
apparent  orbit  of  Spica,  or  double  its  value  in  the  last  example.) 

Ant.  8  X  0.315,  or  2.520  x  mass  of  the  sun. 
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11.  What  is  the  mass  if  the  dark  star  has  a  mass  only  one-fourth  that  of 
the  bright  oue?  (In  this  case  the  orbit  of  the  dark  star  has  a  radius  foar 
times  as  great  as  that  of  Spica,  and  the  radius  of  the  relaliee  orbit  is  five 
timea  as  great  as  that  of  the  apparent  orbit  of  Spica.) 

Ant.  125  X  0.315,  or  39.37  x  maaa  of  the  sun ;  the  mass  of  the 
bright  star  being  31.60,  and  that  of  the  dark  star  being  one-fonrth 
as  great,  ot  7.87. 

HoTB,— The  uamnptkH]  tbM  the  bright  nar  ii  >  mere  phuiM,  rerolvlnB  uodnd  >  duk 
ocntrel  body  TUtlr  more  maealve  than  Iteelf.  gtvet  at  ■  minor  limit  to  tbe  poialble  man  of 
the  (yitem.  but  the  m&jor  limit  oauuol  be  hied  without  knowledge  ae  lo  the  relntlve  mu* 

If  thedfifk  body  Is  Imrger  thui  the  brl^t  one,  the  men  of  the  Bjitem  Duinot  exoeed  el^t 
tlmea  that  minor  limit. 

The  general  formula  l»  eully  obMloed ;  let  n  be  the  rMlo  between  the  mmceof  tha  bright 
■nd  dark  Bton,  eo  that  If  r  li  the  radius  of  the  circle  described  bj  Che  bright  star  around  the 
oommon  centre,  the  radios  ol  the  olrole  deecrlbed  by  (be  other  vlll  be  or,  and  the  radius  of  the 
nbifjoe  orbit  will  be  (n+l)r  Alsoletfi  be  the  united  nussof  the  twostaiB.  Tben.eiprea- 
Ing  the  period,  f ,  In  yean,  r  In  astronomioal  nnlu.  and  k  In  tenoa  of  the  son's  mass,  we  bate 

Hie  taatin'(n  +  I]'beaome«  nnlty  when  n— o,  i.e.,  when  the  bright  ttar  Is  a  particle:  and 
Infinity  wbeu  nbeconwe  InSnlte,  I.e.,  when  the  darktlar  la  a  particle  leTolvIng  ax  the  Infinite 
dietanoe,  r<>i+  1).    It  becoma  S  when  n-  I,  the  taastsn  belog  equal. 

It  may  be  added  that  the  assumption  that  the  orbit  la  circular,  and  that  Its  plane  passes 
thiongb  the  solar  system,  la  entirely  gratnltons  and  not  likely  to  be  oorreet.  Bat  the 
general  character  of  the  reaulu  would  not  be  eericusly  olutDged  tuikai  the  tnoUnatkin  and 
eoosntrlclty  ot  the  orbit  were  graac 

NoTB  to  Abt.  879. 
Hie  number  of  spectrosoopio  binaries  recently  detected  by  varioDS  obserrers 
In  thia  country  and  Eorope  is  so  large  that  it  is  useless  to  try  to  keep  up  the 
enumeration  in  this  text-book.  The  list  at  present  (January,  1906)  inclndea  about 
200,  and  is  growing  continually,  Profeaoor  Campbell  ot  the  Lick  Observatory 
who  has  been  specially  successful  in  this  line  of  work,  estimates  that  about  one 
star  In  every  twelve  examined  turns  out  a  " spectroscopic  binary."  Perhaps 
the  two  most  notable  additions  to  tbe  catalogae  are  Polaris  and  Capella,  — the 
former  with  a  period  a  little  less  than  four  days,  and  a  range  of  radial  velocity 
of  only  about  four  miles  a  second ;  the  other  with  a  period  of  105  days  and  a 
velocity  range  of  about  36  miles.  The  actual  orbital  velocity  cannot,  ot  coune, 
be  determined  until  we  know  the  inclination  of  the  orbit  to  the  line  of  sight. 
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THE  SPBCTROHBLrOGBAPH  AND  ITS   APPLICATION  TO  80LAB 
BBSE^BCH.      TH£  eiDBKOeTAT   AND   CCEL03TAT. 

The  spectroheliograph  received  a  passing  mention  in  Art.  326*, 
but  it  haa  recently  become  so  important  that  something  more  ia  now 
required.  The  principle  of  the  instrument,  first  suggested  by  Jans- 
sen  in  1870,  was  first  successfully,  and  independently,  applied  by 
Hale  in  Chicago,  and  Deslandres  in  Paris,  about  1890.  Its  esaenti&l 
feature  is  the  introduction  in  a,  photographic  spectroscope  of  a  second 
dit,  parallel  to  the  collimator  slit,  but  at  the  other  endof  the  instru- 
ment, close  in  front  of  the  sensitive  plate,  thus  isolating  a  narrow 
line  of  homogeneous  light  in  the  spectrum.  If  now  the  telescope 
which  carries  the  spectroscope  is  pointed  at  the  sun  and  its  iraE^ 
made  to  pass  over  the  collimator  slit,  while  at  the  same  time  the 
sensitive  plate  itself  is  moved  in  precisely  corresponding  manner, 
the  result  will  be  a  photograph  of  whatever  passed  over  the  slit, 
produced  solely  by  the  light  of  that  single  uiave-length  which  was  iso- 
lated by  the  second  slit. 

If,  for  instance,  the  spectroscope  were  so  adjusted  as  to  bring 
upon  the  second  slit  the  K  line  of  calcium,  then  the  image  photo- 
graphed would  be  due  to  calcium  vapor  only,  and  that  vapoi  in  such 
physical  condition  as  to  emit  this  "K  light,"  if  the  expression  may 
be  permitted.  If  the  adjustment  were  such  as  to  bring  a  line  of 
hydrogen,  magnesium,  or  iron  into  the  slit,  we  should  get  an  image 
due  solely  to  the  corresponding  element.  In  order  that  an  image  of 
the  entire  sun  be  obtained  it  ia  of  course  necessary  that  the  two  slits 
should  be  longer  than  the  diameter  of  tlie  sun's  image  upon  the  slit- 
plate. 

Other  arrangements  of  the  instrument  are  possible.  In  that  first 
used  by  Hale  the  telescope  was  kept  directed  at  the  centre  of  the 
sun  and  the  sensitive  plate  was  fixed;  but  the  two  slits  were  mov- 
able and  so  connected  by  a  system  of  levers  that  while  the  first  was 
made  to  traverse  the  sun's  image,  the  second  was  made  to  move 
correspondingly  before  the  plate.  But  this  arrangement  is  much 
more  difficult  to  construct  and  adjust,  and  is  in  other  ways  inferior. 
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Still,  at  Kenwood,  between  18d2  and  1896,  a  namber  of  beautifnl 
photographs  of  prominences  was  thus  obtained,  and  many  interest- 
ing plates  showing  the  calcium  floccules  over  the  entire  disc 

The  Buiuford  spectroheliograph,  now  used  on  the  great  Yerkes 
telescope,  has  slits  6  laches  long,  neaiiy  but  not  quite  sufficient  to 
take  in  the  whole  diameter  of  the  sun's  image  formed  by  the  40-inch 
telescope.  The  slit  is  placed  east  and  west,  and  the  telescope  is 
moved  in  declination  by  a  slow-motion  screw  driven  by  an  electric 
motor,  this  motion  being  also  communicated  directly  to  the  photo- 
graphic plate. 

It  must  be  remembered  that  the  dark  lines  of  the  solar  spectram 
are  dark  only  relative  to  the  hackground;  they  are  really  bright,  and 
somewhat  brighter  than  the  same  lines  in  the  "  flash  spectrum,"  for 
their  actual  brilliance  is  not  reduced  by  the  light  which  reaches  the 
reversing  layer  from  the  photosphere  beneath,  but  somewhat  in- 
creased (Art.  314,  note).  When,  therefore,  the  second  slit  is  set  on  a 
"dark  line"  of  the  solar  spectrum,  the  background  of  continuous 
spectrum  being  excluded,  an  observer  looking  through  an  eye-piece 
would  see  the  line  bright  and  capable  of  impressing  itself  upon  a 
sensitive  film.  The  instrument  therefore  makes  it  possible  to  study 
separately  and  in  det^l  what  may  be  called  the  calcium  surface, 
the  hydrogen  surface,  the  magnesium  surface,  etc.,  of  the  snn.  And 
in  the  differences  and  correspondences  of  these  surfaces  there  is  a 
mine  of  important  information. 

In  the  new  solar  observatory  which  Professor  Hale,  with  the 
subvention  of  the  Carnegie  Institution,  has  recently  erected  upon 
Wilson's  Peak  in  Southern  California,  a  fixed  horizontal  telescope 
fed  by  a  "  ctelostat "  is  now  in  use.  A  large  image  of  the  sun  is 
obtained,  which  may  be  photographed  directly  or  may  be  used  for 
the  corresponding  spectroheliograph  firmly  mounted  on  piers.  Sev- 
eral other  spectroheliographs  of  smaller  size  and  different  construc- 
tions are  being  provided  for  stations  in  Europe  and  India,  which 
will  cooperate  in  solar  studies,  and  important  results  are  already 
following  from  the  data  obtained. 

Ill  various  lines  of  astrophysical  work  there  are  great  advantages 
in  having  the  telescope  fixed  in  a  convenient  position  with  the 
object  under  observation  reflected  into  it  steadily  by  a  mirror  suit- 
ably moved  by  clockwork. 

The  Siderostat  of  Foucault  (1865)  consists  of  a  plane  mirror  car- 
ried by  a  polar  axis  which  revolves  once  in  24  hours.  The  mirror 
can  thus  be  so  set  as  to  throw  the  reflected  light  in  any  chosen 


D.gitizect.yG00glc 


ADDBNDUM  A. 


Fia.  341.  — Oct.1,  Sh.iWm.    Caldum  FloccuU. 


ria.  US.  — Oct.  9,111.  Mm.    Hrdrocen  FloccuU.    BUtwtoii 


■obyGoO'^lc 


580  d  ADDENDUM   A. 

directioii  (usually  horizontally  north  or  south),  and  means  are  pro- 
vided by  which  the  observer  can  adjust  it  from  his  distant  position. 
This  is  perfectly  satisfactory  for  all  work  which  requires  merely  a 
fixed  and  convenient  direction  for  the  central  line  of  the  refiected 
beam  —  as  for  the  study  of  star-spectra  or  the  general  spectrum  of 
the  sun.  If,  however,  the  instrument  is  used  to  fonn  an  image 
of  the  sun  or  of  a  group  of  stars,  it  has  the  serious  disadvantage 
that  the  ima^e  revolves  around  its  central  point  and  with  a  speed 
that  continually  varies,  thus  rendering  the  arrangement  unsuitable 
for  most  photographic  work. 

The  CodostcU  differs  in  that  the  polar  axis  which  carries  its  mir- 
ror turns  once  in  48  hours  instead  of  24.  The  redected  im^e  in 
this  case  does  not  revolve,  but  the  possible  directions  in  which  it  can 
be  thrown  are  not  arbitrary,  being  determined  by  the  declination  of 
the  object.  The  difBculty  can  be  overcome  by  using  a  second  mirror 
to  send  the  rejected  beam  when  it  is  wanted,  but  of  course  this  is 
expensive  and  involves  loss  of  light.  This  arrangement,  however, 
is  proposed  for  Ut.  Wilson,  sinc«  a  non-rotating  image  is  essential, 
as  is  also  the  possibility  of  mounting  the  spectroheliograph  and  its 
accessories  upon  solid  piers. 

As  an  interesting  specimen  of  the  photographs  obtained  by  the 
spectroheliograph  we  give  Figs.  247  and  248,  reduced  by  one-thrd, 
from  Plate  XI  of  Professor  Hale's  paper  describing  the  instrument 
and  its  work.  The  upper  figure  of  the  two  is  a  "  calcium  "  photo- 
graph of  a  great  sun  spot ;  the  lower,  a  "  hydrogen  "  photograph  of 
the  same,  both  taken  the  same  afternoon.  The  differences  are 
instructive,  especially  the  peculiarly  "  wispy  "  character  of  the  dark 
markings  of  the  hydrogen  plate  as  compared  with  the  "lumpinesa" 
of  the  calcium  fioccules. 
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KOTA  PEBBEI  AND  NOVA  GBMINOEUM. 

A  BBHABKABLB  temporary  star,  the  most  brilliant  since  Kepler's 
star  of  1604,  Buddeoly  appeared  in  1901,  probably  on  February  20, 
though  first  seen  (by  Dr.  Anderson  in  Edinburgh)  on  the  Slst,  when  it 
was  about  as  bright  as  Polaiis.  Photographs  covering  the  region  of 
the  star  made  at  Cambridge,  United  States,  on  several  dates  preced- 
ing and  including  the  19th,  show  that  on  the  19th  the  star  was  not 
yet  as  bright  as  the  12tb  magnitude.  Within  three  days  it  increased 
its  br^htnesB  fully  25,000  fold,  and  on  the  22d  was  for  several  hours 
the  brightest  star  in  the  heavens,  Sinus  alone  excepted,  and  more 
than  a  nlatch  for  Capella  and  Vega.  It  was  then  distinctly  ruddy, 
very  like  Aroturus.  It  faded  at  first  rapidly  but  fitfully,  and  by  the 
end  of  Alarch  was  barely  visible  to  the  naked  eye;  after  that  its 
decrease  was  mora  gradual,  and  it  is  still  (1908)  visible  in  lai^  tele- 
scopes as  a  tittle  star  of  12th  or  13th  m^nitnde. 

The  spectrum,  as  photc^rapbed  at  Cambridge  on  the  22d,  was  not 
that  of  the  usual  "^ova"  type,  but  much  resembled  that  of  a  Orionis 
(Rigel),  being  mainly  continuous,  though  crossed  by  about  30  not  very 
conspicuous  dark  lines.  Clouds  prevented  photographs  on  the  23d, 
but  on  the  24th  it  was  clear,  and  in  the  meantime  a  complete 
change  had  takeu  place.  The  spectrum  was  now  essentially  like 
that  of  Nova  Aurigee,  with  the  same  broad  bright  bands  of  hydrogen 
and  theii-  dark  and  more  refrangible  companions.  It  may  be  noted 
here  that  the  recent  (1903)  investigations  by  Ebert  of  Munich  go  far 
towards  proving  that  for  the  explanation  of  these  doubled  lines  we 
need  not  resort  to  the  hypothesis  of  conflicting  masses  of  hydrogen, 
cool  and  hot,  moving  towards  and  from  us  with  a  speed  of  several 
hundred  miles  a  second,  nor  even  to  explosive  pressures.  It  seems 
probable  that  the  phenomena  may  be  due  merely  to  "anomalous 
refraction  "  in  portions  of  the  star's  gaseous  envelope  under  power- 
ful compression  and  intense  luminous  excitement. 

Since  then  the  spectrum  has  followed  the  usual  course,  having 
become  nebular  before  the  end  of  the  year,  though  with  some  non- 
nebular  peculiarities  in  the  exti'eme  width  of  its  bright  hydr<^n 
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Udbb  and  in  the  presence  of  eome  conspicuous  lines  not  yet  found 
in  nebulce.  It  does  not  yet  appear  whether  its  spectrum  will  finally 
revert  to  the  purely  continuous,  stellar  type  like  that  of  Nova  Aurigse. 

During  the  star's  decline  its  brightness  oscillated  as  much  as  a 
whole  magnitude,  the  irregular  interval  between  maxima  ranging 
from  about  two  days  in  February  to  six  or  eight  in  the  autumn. 

In  September  it  became  possible  to  photograph  the  invisible 
nebulosity  around  it  with  the  reflectors  (not  the  great  refrai^ora)  of 
the  Lick  and  TerkeB  observatories.  It  was  found  to  be  very  exten- 
sive, roughly  circular,  with  an  apparent  diameter  about  h^  that  of 
the  moon;  and  since  the  most  careful  observations  have  been  unable 
to  detect  any  parallax  or  proper  motion  of  the  star,  it  is  clear  that 
its  distance  exceeds  that  of  any  of  the  nearer  stars, —  very  likely  it 
is  as  much  as  100  light  years,  and  not  improbably  greater  yet.  If 
so,  the  diameter  of  the  nebula  must  liave  been  at  least  1400  times 
that  of  the  earth's  orbit,  and  this  is  probably  an  underestimate. 

There  were  in  it  several  pretty  well-defined  knots  and  streaks  of 
condensation,  and  the  photographs  soon  brought  to  light  an  almost 
astounding  phenomenon.  These  knots  were  found  to  be  all  moving 
swiftly  away  from  the  star  at  various  rates  averaging  abovt  10"  a 
week,  —  a  motion  apparently  not  very  rapid  as  seen  from  the  earth. 
But  if  the  Nova  were  as  near  as  our  next  neighbor,  a  Centauri,  this 
would  mean  more  than  two  thousand  miles  a  second;  not  improbably 
the  distance  is  a  hundred  times  as  great,  and  if  so,  the  speed  becomes 
greater  than  that  of  light  itself.  Indeed,  the  most  plausible  explana- 
tion of  the  phenomenon  yet  offered  is  that  suggested  by  Kapteyn,  — 
that  the  motion  is  only  apparent,  not  an  actual  rush  of  masses 
of  matter,  but  simply  the  progressive  illumination  of  spiral  streams 
of  nebulosity,  advancing  along  them  with  the  speed  of  light,  an 
illumination  originating  when  the  star  first  flashed  out.  If  this 
explanation  is  correct,  the  distance  of  the  star  must  be  about  300 
light  years,  and  the  actual  outburst  occurred  about  the  time  when 
Columbus  was  discovering  America. 

Another  small  "Nova"  was  discovered  in  Gemini  in  January,  1903, 
by  Professor  Turner  of  Oxford  in  examining  star-chart  phot<^raphs 
there  made.  It  was  of  only  the  8th  magnitude  and  presented 
nothing  of  special  interest. 

It  is  a  notable  and  perhaps  significant  fact  that  without  exception 
all  the  temporary  stars  thus  far  observed  have  been  in  or  near  the 
Milky  Way.  It  will  be  remembered  that  the  same  is  true  of  all  the 
Wolf-Eayet  stars. 
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SUFPLEHENTART  TO  ARTICLES  847,   848,   AITD   852. 

(To  Art  847.)  The  short-period  variables  of  the  y  AquilEe  and 
fi  Lyrse  type  are  mostly  "  punctual  variables,"  to  use  Miss  Gierke's 
expression ;  i.e.,  like  the  Algol  variables,  their  periods  are  uniform 
without  any  sncli  irregularities  as  are  usual  with  the  stars  of  the 
o  Ceti  type.  It  is  natural  to  ascribe  such  "  punctuality "  to  an 
orbital  revolution,  and  this  is  justified  in  many  cases  by  the  fact 
that  the  star  is  proved  to  be  a  spectroscopic  binary  by  the  periodical 
shifting  or  doubting  of  its  spectrum-lines.  But  the  changes  of 
brightness  cannot,  as  with  the  Algol  stars,  be  explained  "  geometri- 
cally," by  eclipses;  while  the  periods  are  regular,  the  times  of  maxima 
and  minima  do  not  accord  with  such  an  explanation,  and  besides,  the 
changes  are  continuons,  and  not  confined  to  any  short  portion  of 
the  period.  It  seems  necessary  to  suppose,  therefore,  that  the  orbi- 
tal revolution  is  accompanied  by  some  mutual  action  of  the  two  (or 
more)  revolving  stars  upon  each  other  (possibly  tielal,  possibly  some 
kind  of  physical  InBuence)  and  that  this  action  causes  fiuctuations 
in  the  radiating  power  of  their  surfaces. 

But  precise  explanation  is  still  difficult  and  uncertain,  and  very 
possibly  no  one  explanation  will  apply  to  all  the  stars  now  grouped 
together  in  this  class. 

The  great  majority  of  these  variables,  like  the  temporary  stars 
and  the  Wolf-Rayet  stars,  are  near,  or  in,  the  Milky  Way.  This  is 
not  true  of  the  stars  of  the  o  Ceti  or  Algol  types,  which  are  found 
indiscriminately  in  all  parts  of  the  heavens. 

(To  848.)  An  interesting  fact  respecting  the  "eclipse  stars"  of 
the  Algol  type  was  first  pointed  out  in  1899,  simultaneously  but 
independently,  by  Russell  at  Princeton  and  by  Roberts  of  Lovedale, 
South  Africa;  namely,  that  an  upper  limit  to  the  density  of  the 
eclipsing  stars  can  be  determined  from  the  ratio  of  the  whole  period 
of  the  variable  to  the  time  between  the  beginning  and  the  end  of 
the  obscuration.  In  the  eases  of  the  seven  or  eight  Algol  stars,  for 
which  we  now  have  sufficiently  accurate  data,  it  was  found  that  this 
ufiper  limit  is  far  below  the  density  of  the  sun,  and  of  course  the 
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actual  density  lower  jet :  some  of  them  must  be  hardly  more  sub- 
stantial than  clouds. 

(To  853.)  Siuce  1900  the  catali^ne  of  known  variables  has 
increased  enormously.  The  sporadic  variables  (excluding  the  hun- 
dreds which  have  been  found  in  star-clusters,  in  the  Magellanic 
clouds,  and  in  a  region  of  some  aquara-degrees  including  the  Kebula 
of  Orion)  must  now  number  nearly  1000,  if  not  more  ;  trad  the  list  is 
continually  and  rapidly  growing. 

The  discoveries  are  now  made  mostly  by  photography,  partly  from 
negatives  made  specially  for  the  purpose  of  detecting  variables,  and 
partly  in  the  examination  of  the  photographs  of  the  star-charting 
campaign.  Numerous  amateur  observers  devote  themselves  to  work 
in  this  line,  and  at  several  observatories  the  accurate  study  of  the 
ligbt-eurves  of  variables  with  large  telescopes  and  elaborate  pho- 
tometric apparatus  forms  a  considerable  part  of  the  work  of  the 
institution. 

Professor  Pickering  in  his  observatory  report,  dated  Sept  30, 1905,  stated 
that  since  the  Harvard  photographic  work  began  in  1886,  2750  variables 
have  been  discovered,  —  2197  at  Cambridge,  and  about  555  elsewhere. 
Mrs.  Fleming  has  discovered  8  "  novas  "  and  197  variables,  nminly  by  bright 
hydrogen  lines  in  their  spectra ;  Professor  Bailey  has  detected  509  in  globu- 
lar star-clusters ;  and  Miss  Leavitt  1412,  mostly  in  and  near  the  Magellanic 
clouds.     And  since  that  date  the  list  has  been  considerably  lengthened. 

Of  course  neariy  all  of  these  new  variables  are  extremely  faint,  observable 
only  by  great  telescopes  or  by  photography;  and  for  the  great  majority 
nothing  is  yet  known  as  to  the  period  and  type  of  variation. 

The  total  number  of  variables  which  can  be  reached  by  our  present  instru- 
ments must  be  hundreds  of  thousands,  and  not  improbably  millions.  Among 
the  6000  naked-eye  stars  about  70  variables  are  already  known,  and  there  is 
no  reason  to  suppose  that  the  proportion  is  different  for  the  telescopic  stars. 
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ADDENDUM  D. 

ON  ASTEROIDa. 


Thk  present  rate  of  asteroid  discovery  makes  it  impossible  to 
keep  np  witli  it  in  a  text-book.  In  1906  more  than  a  hundred  were 
found  (the  majority  at  Heidelberg),  and  1907  even  exceeded  that 
record.  Most  of  them  are  so  faint  as  to  be  observable  only  by 
photography,  although  one  of  magnitude  9.2  was  discovered  in  1908. 

Bev.  J.  S.  Metcalf  of  Taunton,  Massachusetts,  is  using  a  very 
effective  modification  of  the  Heidelberg  method.  While  the  tele- 
scope follows  the  stars  by  its  driving-clock,  the  photographic  plate 
receives  a  slight  sliding  motion  equal  to  that  of  an  average  asteroid 
in  the  region  under  observation.  The  image  of  a  planet,  if  one 
happens  to  be  present,  remains  therefore  stationary  on  the  plate,  or 
nearly  bo,  during  the  entire  exposure,  and  is  many  times  more  in- 
tense than  if  it  had  been  allowed  to  trail.  The  stars  do  the  trailing, 
and  are  readily, recognized  as  such. 

When  first  announced  each  object  is  designated  provisionally  by 
an  alphabetical  arrangement  which  began  with  A  A,  in  1893;  thns 
Eros  was  for  a  time  known  as  DQ.  The  combination  of  ZZ  was 
reached  in  1907,  but  the  same  system  is  being  continued,  always, 
however,  prefixing  the  year,  as  "  1908  CJ."  When  sufficient  obser- 
vations have  been  made  to  determine  the  planet's  orbit  and  Its 
non-identity  with  any  previously  known,  the  Director  of  the  Bechen- 
institut  at  Berlin  assigns  a  permanent  "  number,"  and  the  discoverer, 
if  he  chooses,  gives  it  a  name. 

Among  the  recently  discovered  planets,  TG  (588),  1906  VT,  and 
1907  XM  (all  discovered  at  Heidelberg)  are  of  special  interest  They 
form  a  class  by  themselves,  their  orbits  not  differing  greatly  from 
that  of  Jupiter  in  size  and  period.  They  have  already  received  the 
names  of  Achilles,  Fatroclus,  and  Hector.  The  problem  of  their 
motion  is  peculiarly  Interesting,  for  they  appear  to  present  approxi- 
mately the  special  case  long  ago  pointed  out  by  Lagrange,  of  a  planet 
keeping  permanently  equidistant  from  the  sun  and  Jupiter. 

The  Asteroid  Ocllo  (475),  discovered  in  1901,  has  an  eccentricity 
of  0.38,  even  greater  than  that  of  .^thra.  Planet  1906  WD  has  the 
enormous  inclination  of  48°. 
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SUPPLEMENTABY  AKTICLES. 

1000.  Eednotion  ol  Sidereal  Time  to  Keas  Solar  Time  and 
Tiofl  Vena.  (^Supplementary  to  Art.  112.)  —  Since  the  tropical  year 
(Art.  216)  containe  365.2421  meaa  solar  days,  and  exactly  one 
more  sidereal  day,  it  follows  that  the  number  of  sidereal  seconds  in 
any  time  interval  is  equal  to  the  number  of  mean  solar  seconds 

multipUed  by  |^||||j;  <«■  by  1.00273791.     Hence,  if  /  and  /'  are 

respectively  the  number  of  mean  solar  and  sidereal  seconds  in  any 
time  interval,  we  have  /'  =  /+ 0.00273791  J.  (The  logarithm 
of  the  decimal  coefficient  is  [7.4374191]).     Also, 

^=  ^'  X  fff'!!o!  =  ^'  X  0.0972696  =  /'  -  0.00273043  f. 

The  log.  of  the  coefaeient  is  [7.4362311]. 

The  "American  Ephemeiis  "  gives  at  the  end  of  the  book  two 
tables  containing  the  values  of  the  second  terms  of  the  two 
formnlfe  for  every  value  of  /  and  /'  up  to  24  hours,  and  the 
reduction  of  any  sidereal  interval  to  solar,  or  the  reverse,  is  accom- 
plished by  simply  adding  or  subtracting  the  tabular  correction. 

To  rednoe  a  given  rrwrneni  of  sidereal  time  to  solar,  or  the 
reverse,  we  must  first  have  the  local  sidereal  time  of  the  preceding 
mean  solar  noon.  This  "sidereal  time  of  mean  noon"  is  given  in 
the  Almanac  for  every  day,  and  for  the  meridians  of  Washington 
and  Greenwich.     It  must  be  corrected  for  the  longitude,  X,  of  the 

observer  by  applying  the  correction  236'.91  X  ^i  which  may  be 

taken  directly  from  the  table  for  reducing  sidereal  intervals  to  solar, 
using  A  as  the  a^:ument ;  the  correction  is  to  be  added  for  Weet 
longitude,  subtracted  for  East 

To  convert  sidereal  time  into  solar,  we  subtract  from  the  given 
time  the  sidereal  time  at  preceding  noon  (duly  corrected  for  longi- 
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tade).  The  difference  is  the  interval  since  noon,  expressed  in 
sidereal  units,  and  is  at  onoe  reduced  to  solar  time  units  by  aiA- 
tracting  the  correction  taken  from  the  proper  almanao  table 
(Table  II).  If  the  given  sidereal  time  is  numerically  snuJlei 
than  the  time  at  preceding  mean  noon,  24  hours  must  be  added. 

If  the  given  time  is  solar,  we  add  it  to  the  sidereal  time  at 
preceding  mean  noon,  and  also  add  the  correction  from  the  other 
almanac  table  (Table  III),  which  gives  the  reduotion  of  solar  time 
intervals  to  sidereal. 

Bxatnple:  Beduce  to  local  mean  solar  time  the  sidereal  time 
18"  33"  27'. 71  at  Princeton,  N.  J.  (A  =  9""  Z2:Q  east  of  Washington), 
on  Aug.  27,  1896. 

Bldereal  time  of  mean 'noon  at  Washington  10  26  43.03 

Keduction  for  long!tud\  (Aim.  p.  528)  —  1. 67 

Princeton  rider«al  Ume  of  noon  10  26  41.46 

Sidereal  time  given  18  38  27.71 

Sidereal  interval  since  noon  8  07  48.26 

Reduction  to  mean  time  interval  (p.  620)  (Table  II)        —  1  19.91 

Corresponding  mean  time  (local)  8  06  36.34 

If  "standard  time"  is  wanted  (Art.  122)  we  must  further  correct 

the  local  mean  solar  time  by  subtracting  1"  22*.60,  the  difference 

between  five  hours  and  the  longitude  of  Frincetou.     Conversely,  to 

reduce  this  mean  time,  8''06"'26'.34,  to  sidereal  we  proceed  as 

foUowe : 

Sidereal  Ume  of  Princeton  noon  10  26  41.46 

Given  mean  time  8  00  26.34 

BeducUon  to  sidereal  (p.  632)  (Table  III)    +  1  19.91 

Sidereal  Ume  18  33  27.71 

A  rough  reduction,  nBOaiiy  correct  within  five  or  ten  mlnntes,  is  easily  made 

witliont  any  compatation  or  tables  by  assuming  that  the  sidereal  time  at  noon 

increases  uniformly  two  hours  each  calendar  month,  reckoning  from  Hansh 

21al;  passing  the  etwn  bouTs  on  the  2lBt  of  each  month  and  the  odd  houraon 

the  6th.    For  days  between,  allow  4'"  each,  and  10*  additional  for  each  bone 

elapsed  since  noon.    Thus,  taking  the  example  above,  we  have  for  the  Princeton 

sidereal  time  of  noon  on  Aug.  27th  10*24=. 


Princeton  udereal  time  of  noon 

10  24 

Qiven  sidereal  time 

IS  33.6 

Sidereal  interval 

8  09.6 

Correction 

-1.8 
8  06.2 

The  result,  however,  is  seldom  quite  so  nearly  correct,  aa  the  method  tak«a  no 
account  of  the  equation  of  time,  or  the  inequality  of  tiie  months. 
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1001.  Azimuthsl  Xotion  of  a  Star  at  the  HorizoiL 
meiUarp  to  Art.  l^l-) — In  Fi?-  240  SS'  is  part  of  tlie  diurnal  circle 
of  a  star  that  is  rising,  the  &tc  S^  being  described  in  a  unit  of  time, 
—  say,  one  minute.  Then  ah,  the  cortesponding  ate  of  the  equator, 
is  16',  and  8^,  expressed  in  minutes  of  a  great  circle,  is  16'  cos  S,  h 
being  the  star's  declination  aS. 

In  passing  over  SS'  its 
aiimuth  changes  by  the  are 
SM,  which  (from  the  relations 
iu  the  sm^I,  sensibly  plane 
triangle  SS'M)  equals 
SS'  X  coa  S-SM 

=  15' cosiX  COS  S'SM.  (1) 

Now  S'SM=ZSI'  in  the 
ZPS  spherical  triangle,  and 
in  this,  by  the  fundamental 
equation  of  spherical  trigonometry,  we  have 

cos  PZ=cobZSX  coa  PS  ~  am  ZSX  sin  PSXoobZSF. 
Substituting  the  astronomical  values,  this  gives 

sin  ^  =  cos  i  sin  8  —  sin  J  cos  S  X  cos  ZSP. 


Whence  cos  ZSP  (or  Si^M)  = 


n<k-coslB 


sin  £  cos  S 
When  the  star  is  at  the  horizon,  { is  90° ;  sin  {  ^  1  and  cos  { 


so  that  the  expression  becomes  cos  SS'M=  — ~  for  a  star  either 

^  COS* 


nsing  ( 
star,  SM= 


15'  cos  8 


=  16'  sin  <f>.    This  is  independent  of  the 


r  setting.     Substitute  this  in  (1)  and  we  have,  for  such  a 

cos  8 

star's  declination,  is  therefore  the  same  for  all  stars  when  they  are 
rising  or  setting,  and  depends  only  on  the  latitude  of  the  observer. 

Since  this  motion  of  the  star  in  azimuth  is  merely  apparent,  and 
due  to  the  rotational  "skewing"  of  the  horizontal  plane  of  the 
observer,  the  demonstration  is  equivalent  to  that  given  in  Art.  141, 
in  connection  with  the  Foucault  pendulum. 

The  same  thing  may  of  course  be  proved  hy  differentiating  the 

equations  of  the  ZPS  triangle  so  as  t-  "-'  '■'- '--  -'         -- 


terms  of  £,  8,  and  ^,  making  { ^  9 
appears  as  above. 


>  find  the  value  of  - 
'  in  the  result;   S  then  dis- 
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1008.  X«pl«r'i  Problem.  {Supplemmtary  to  Arte.  188,  189.) 
—  The  problem  is  to  find  the  place  whicli  a  body  will  occupy  at 
any  given  moment  when  moving  in  accordance  with  Kepler's  laws 
around  the  sun,  having  given  the  dimensions  of  its  oibit,  the  period 
of  revolution  T,  and  the  time  t  elapsed  since  the  planet  passed 
perihelion. 

In  Fig.  241  ABA'ff  ia  the  orbital  ellipse,  having  AC  and  BC  as 
its  semiaxes,  respectively  designated  as  a  and  b.  S  iB  the  focus, 
and  CS^=ae,  e  being  the 
eccentricity  of  the  ellipse. 
P  ia  the  position  of  the 
planet;  PS,  oi  r,  is  the 
radius  vector,  and  the  an^e 
ASP  is  the  true  anomaly 
designated  by  v.  The 
shaded  sector  ASP  is  the 
area  described  by  the  t^ 
dius  vector  (in  accordance 
with  Kepler's  second  law), 
and  since  the  entire  area 
of  the  ellipse  is  vai,  the 
area  of  the  sector  will  be 

m.  «l.-Kepl^.  Probl™.  ^^t^  ^j^-^j^  ^^y  j^  ^^^ 

ten  iabx2v^-      The  second  factor  is  the  angle  (in  radians) 

found  by  multiplying  the  whole  circumference  by  the  fraction  of 

the  period  ■=  elapsed  since  perihelion,  and  ia  known  as  the  Mean 

Anomaly,  being  the  anomaly  which  the  planet  would  have  if  its 
angular   motion  was  uniform.     It  ia  uaually  designated  by  M; 

and,  if  expreased  in  degrees,  M=  360°—  ■ 

We  have  therefore 

Shaded  Sector  ASP  =  J  ai  X  3f.  (1) 

Circumscribe  a  circle  around  the  ellipse,  through  P  draw  the 
ordinate  DPP',  and  join  CP  and  CP'.  The  angle  ACP"  is  called 
the  Eceentrie  Anomaly,  and  is  uaually  designated  by  «,  and  when 
determined  it  gives  the  means  of  easily  calculating  v  and  r. 
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The  shaded  Bector  is  the  difference  between  the  elliptical  sector 
ACT  and  the  triangle  SCP. 

The  sector  ACP  is  less  than  the  ciroolar  sector  ACP\  which 
equals  io**,  in  the  ratio  of  &  to  a,  since  from  the  properties  of 
the  ellipse  and  the  construction  of  the  figure  every  ordinate  in  the 
elliptical  sector  is  shorter  than  the  corresponding  ordinate  of  the 
circular  sector  in  the  ratio  of  PD  to  P'D,  or  of  BC  to  QC  Hence, 
we  hare 

Sector  ACP  =  -X  ^a?u  =  ^abu..  (2) 

In  the  triangle  SCP,  which  equals  ^PJ)  X  SC,  we  have 
PD  =  -  X  P'i)  =  -Xasintt  =  6  8inKj 

and 

SC=a6. 
Therefore,  for  the  area  of  the  triangle,  we  have 

5CP  =  ioi8sin«.  (3) 

Subtracting  this  from  (2),  we  get 

ASP  =  i  0*  (m  —  «  8in  m).  (4) 

Comparing  this  with  (1),  we  have  the  equation  sought,  and  known 
as  Kepler's  equation,  viz., 

u  —  6  Bin  u=iM. 
This  is  a  "  transcendental "  equation,  and  cannot  be  solved  by 
ordinary  trigonometrical  formulBs,  but  the  value  of  u  can  easily  be 
found  by  approximation  when  M  is  given.  We  start  with  an 
approximate  value  for  u,  ascertain  how  nearly  it  satisfies  the  equa- 
tion, and  then  correct  the  assumed  value  so  as  to  diminish  the 
error,  repeatii^  the  process  until  a  satisfactory  value  is  obtained. 
There  are  also  various  formulee  which  give  the  value  of  tt  in  rap- 
idly converging  series,  some  of  them  adapted  to  orbits  of  small 
eccentricity  like  tdiose  of  the  planets,  and  others  to  orbits  nearly 
parabolic. 

When  u  is  found,  v  and  r  are  readily  determined  from  the 
triangle  PDS,  in  which  PJ>  ^  b  sin  u,  and 

SD  (=  CD  —  CS)  =  acosu  —  M  =  a  (cos  u~e). 

Hence,  tanv^ 1  which  can  be   reduced  to  the  more 

a  COB  u  —  e  

convenient  formula  tan  ^  w  =  v^ X  tan  J  m.     For  r  we  have 
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Sabstitutmg;  the  values  of  PD  and  SD  given  above  and  redncing, 
we  get  r^a  —  ae  eos u.  Btill  agaia  we  may  use  the  general  equa- 
tion of  the  conio  (Art.  4231,  »■  ^  j— ,  ■*■ • 

^  ^         1  +  e  C08 » 

1002*.  Oraphioal  Solution  f or  w.  —  An  approximate  value  of  u 
U  easily  obtained  by  means  of  the  eurve  of  ainea,  as  shown  in  Fig. 
242.  If  from  any  point  o  on  the  ourve  a  line  be  dtawn  at  such  a 
slope  that  ad-7-cd  equals  the  eocentricity  of  the  orbit  in  question 
(i.0.  if  t&B  aed^e),  then  ad^=eXdc=:e  sin(c),  (c)  being  the  angle 
indicated  by  the  position  of  e  and  d  (82^°  in  the  case  shown  in  the 
figure),  and  Ma  ^  (c)  —  e  X  sin  (c^,  i.e.  (c)  is  the  eccentric  aiunnaly 
wrretponding  to  the  mean  anomaly  Ma  in  an  orbit  having  e  for 
its  eccentricity.  To  facilitate  the  construction  of  the  inclined  line 
at  the  proper  slope,  the  upper  horizontal  line,  marked  M-\-l(i(ie, 
is  drawn  at  the  distance  of  100  units  from  the  base  line  M,  upon 
whioh  the  degrees  are  marked.  To  find  Viia  eccentric  anomaly  cor- 
responding to  a  given  mean  anomaly,  it  is  therefore  only  necessary 
to  mark  the  point  a,  oorresponding  to  the  given  mean  anomaly 
(supposed  to  be  45°  in  the  figure),  and  cm  the  upper  line  the  point 
b,  corresponding  to  M-\- 100  e,  which  is  111.1  in  the  illustration, 
the  eccentricity  being  taken  as  0.661  from  the  example  given  in 
the  next  article.  Join  a  and  b,  and  the  point  e  gives  the  corre- 
Bpondii^  eeeerUric  am>maly.  (Generally  it  will  be  best  to  use  a  fine 
thread  to  join  a  and  b,  rather  than  to  trust  an  ordinary  ruler.)  Of 
course  the  joining  line  need  not  be  actually  drawn,  as  we  want 
only  its  point  of  intersection  with  the  curve.  If  the  mean  anomaly 
had  been  90°  instead  of  45°,  b  would  of  course  have  been  156.1, 
the  eccentricity  remaining  unchanged.  If  the  ellipse  had  an  eccen- 
tricity of  0.50  exactly,  then  for  a  mean  anomaly  of  45°  the  point 
on  the  upper  line  would  be  at  96  (b'  in  the  figure)  and  then  u 
would  be  at  e',  i.e.  72^°.  When  the  mean  anomaly  exceeds  100°, 
it  may  be  found  impossible  to  lay  off  JIf+lOOe  as  directed.  In 
that  case  M+  60  e  may  be  laid  off  on  the  "  fifty-line  ";  or,  if  Jf  is 
near  180°,  Jf+20e,  laid  off  on  the  "twenty-line,"  will  answer  the 
same  purpose. 

Owing  to  slight  imperfections  in  the  diagram,  due  to  inaccuracies 
in  the  drawing,  in  the  ruling  of  the  squares,  unequal  shrinkage  of 


D.gitizect.yG00glc 


588  APPENDIX. 

tbfl  paper,  etc.,  the  Talnes  of  u  obtained  from  it  ore  only  apptou- 
mate,  but  can  generally  be  relied  on  to  within  aboat  i".  This  i$ 
near  enongh  for  many  purposes  (double-star  orbits,  for  instance), 
and  is  always  sufficient  as  the  starting-point  for  a  numerical  oalcu- 
lation. 

1003.  Examples.  —  1.  Given  the  orbit  of  a  comet,  with  aemi- 
Tnajor  axis  equal  to  four  astronomical  units,  and  eccentrieiiy, 
0.66144  (or,  what  is  the  same  thing,  £  =  }  a,  as  drawn  in  Fig.  241). 
Bequired  the  place  of  the  comet  in  its  orbit  one  year  after  peri- 
helion passage.  Since  a  ^  4,  the  period  ^  4*  ^  eight  years.  M  is 
therefore  one-eighth  of  the  circumference,  or  45°,  and  Kepler's 
equation  becomes  45°  —  v  —  0.66144  X  sin  u.  Since,  in  the  tables, 
sinu  is  given  in  radians,  it  will  be  Decessary  to  reduce  the  term 
containing  it  to  degrees  in  solving  the  equation :  this  may  be  done 

by  multiplying  the  term  by »  or  57°.2968,  which  gives  1.57861 

as  the  logarithm  of  the  coefficient  of  the  sin«.  We  then  have 
45°  =  «"  —  [1,57861]°  sin  «  as  the  equation  to  be  solved. 

We  get  the  first  approximation  from  the  sine-curve,  as  shown  in 
the  preceding  article,  and  find  u,  =  82°  30' ;  we  then  proceed  to 
test  it  as  follows  : 

(dn  82°  80' 9.99627 

log  of  coeff.  .  .  .  1.67861 

87''.673 1.67488 

M°.600 
Difference  44°.927  (iiwteiui  of  46°). 

This  value  of  u  is  not  quite  large  enough  and  most  be  inoreaBed : 
it  will  be  noticed  that,  as  the  angle  is  very  near  90',  its  sine  will 
change  very  slowly,  and  the  term,  [1,67861]°  sin  u,  will  be  only 
very  slightly  altered  by  any  small  change  in  u.  We  must  there- 
fore increase  u  by  only  a  very  little  mote  than  the  difference, 
0°.O73,  between  44°,927  and  45°.  We  assume  accordingly  for  a 
second  approximation  u,  =  82°.68  or  82°  34'.8.     We  then  have : 

Bin  82°  34'.8  .....  9.09636 

coefl. 1.67861 

87'>.680 1.67496 

a2°.680 
DlIEeience  1G°.000, 

and  this  satisfies  the  equation  exactly,  so  far  as  can  be  determined 
with  five-place  logarithms.     When  great  precision  is  reqaired,  it  is 
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neceBsaijj  of  course,  to  use  eeven  places.     In  tJils  example  the 
exact  value,  so  oomputed,  is  82°.58042  =  82"  34'  49".5. 
To  get  V,  we  use  the  formula  for  ^  v. 

l+e  =  1.08144  log  0.22049 


^m 


log  0.34548 

tang         9.94860 
tangis    0.28908 
=  62°  47'.8.        Hence,  e  =  126°  86'.6. 


For  r,  we  use  tiie  formula  r  =  o  —  o«  cos  «. 

a  =  4  log  0.60206 

e  =  0.86144  log  9.82049 

oob82°34'.8  0.11106 

aecoau  =  0.3417  0.53301 
0  =  40000 
r  =  3.6568. 

2,  In  the  same  orbit,  let  £  =  2  years.    Find  «,  v,  and  r. 
Ana.  i*  =  122°0e'.2 

r  =  6.4061. 
S.  Let  £  =  S  years  in  same  orbit 

Am.  u  =  162°30'.O 
t.=  167''28'.6 
r  =  6.8488. 

1001.  Projeotion  of  a  Lunar  Eclipse.  (Supplementary  to  Art, 
S78.)  —  We  take  as  an  example  the  eclipse  of  Sept  3,  1895,  for 
which  we  find  the  following  data  in  the  "American  Ephemeris," 
p.  414: 

Oreenwlch  mean  time  of  opposition  In  right  aecensioD,  Sept.  8, 17^  47"  46'.6. 


Snn'B  declination  +  7°  17'  2".5 

"     bouti;  motion  in  decL   —  6ti".S 
"         "  »        "  B.A.       9».04 

"     semi-diaraeler  16'62".l 

M     horizontal  puullax  8".  6 


Moon's  declination  —  7"*  25'  54".8 
<■  hourly  motion  in  decl.+13'44".6 
"     "  •'        "  R.A.      105'.82 

"  eemi-dlameter  14'  41".8 

"  horizontal  panllax        68'  68".4 


A  convenient  scale  is  1000"  to  the  inch:  this  will  bring  the 
diagram  within  the  limits  of  an  8  by  10  sheet  of  paper  and  is 
large  enough  to  give  all  the  accuracy  that  is  required.  Fractions 
of  a  second  are  of  course  neglected. 
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I.  The  first  step  is  to  lay  off  the  "  relative  orbit "  of  the  inmr 
with,  respect  to  the  shadow.  Draw  two  lines  accurately  perpen- 
dicular to  each  other,  their  point  of  crossing  0  (Fig.  243)  being 
the  position  of  the  moon's  centre  at  the  given  moment  of  opposition. 

(a)  On  the  horizontal  line  EW  \a.y  off  the  difference  of  the 
hourly  motions  of  the  sun  and  moon  in  right  ascension,  in  seconds 
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of  arc,  reduced  to  seconds  of  a  great  eirele  by  multiplying  by  the 
oosine  of  the  moaiCs  declination.     In  this  case  we  have 
(105.82  -  9.04)  X  16  X  cos  7°  25'.9 

=  96.78  X  16  X  cos  7"  26'.9  =  1439".5. 
Ob  and  Od  are  each  laid  off  with  this  value^  while  Oa  and  Oe  are 
twice  as  great. 

(h)  At  b  and  d  lay  off  the  difference  of  the  hourly  motions  of 
declination,  remembering  that  the  centre  of  the  shadow  mores 
north  when  the  sun  moves  south.  We  hare  in  this  case 
13'  44".6  —  66".3  =  824".6  -  66".3  =  769".3. 
(This  requires  no  reduction,  since  declination  is  meastared  on  the 
hour-circle.)  We  lay  off  there  the  ordinates  at  b  and  d,  each  equal 
to  769.3,  and  those  at  a  and  e  are  twice  as  great.  Since  the  moon 
is  moring  northwards,  the  ordinates  to  the  west  (right)  of  0  are 
laid  off  downwards,  and  those  on  the  east  side  upwards. 
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(c)  If  the  work  has  been  properly  done,  tlie  foni  points  thus 
determined  will  all  lie  precisely  on  a  straight  line  paasii^  through 
0,  and  will  be  the  points  occupied  by  the  moon's  centre,  exactly 
one  hour  and  two  hours  before  and  after  the  moment  of  opposition. 
The  line  is  to  be  divided  to  mark  the  half  and  quarter  hoars,  and 
when  afterwards  found  necessary,  the  fifteen-minute  spaces  can  be 
divided  into  three  five-minute  spaces.  . 

II.  Mark  the  centre  of  the  shadow.  Lay  off  a  distance  OC  north 
or  south  of  0,  eqndl  to  the  difference  between  the  declinations  of 
the  sun  and  moon ;  in  this  case 

(7°  25'  64".8  -  7"  17'  2".6)  =  8'  62".3  =  532".3. 
It  is  laid  off  to  the  north  of  0  because  the  centre  of  the  shadow 
(opposite  the  sun)  has  a  smaUer  southern  declination  than  the 
moon. 

III.  Draw  the  shadow.  Its  radius  (Art.  372)  is  (-P+/>— »)J4; 
or,  in  this  case, 

JJ  (63'  68".4  +  8".6  -  15'  62".1)=  | J (2294".8)  =  2333". 
With  C  as  &  centre  and  this  radius,  describe  the  large  circle  which 
represents  the  shadow.     (It  is  not  necessary  actually  to  draw  the 
shadow  circle,  but  it  is  usual  to  do  so :  the  radius  of  the  shadow  is 
needed  for  the  next  step.) 

IV.  Mark  the  points  on  the  relative  orbit  occupied  by  the  moon's 
centre  at  the  moments  of  contact  with  the  shadow,  (a)  To  the  radius 
of  the  shadow  add  the  semi-diameter  of  the  moon  (in  this  case, 
2333"  +  882"  =  3215"),  and  with  this  distance  as  a  radius,  from  the 
centre  C  strike  two  arcs  cutting  the  relative  orbit  at  I  and  IV, 
which  will  be  the  position  of  the  moon's  centre  at  the  first  and  last 
(external)  contacts. 

(b)  Subtract  the  moon's  semi-diameter  from  the  radius  of  the 
shadow,  and  with  this  difference  (2333"— 882"  =  1451")  as  a 
radius  from  C  find  the  points  II  and  III,  of  internal  contact.  The 
figure  may  be  completed  by  drawing  the  circles  to  represent  the 
moon  (radius  882"),  using  I,  II,  M,  III,  and  IV  as  centres.  But  it 
is  not  necessary.  M,  the  middle  of  the  eclipse,  is  half-way  between 
II  and  III. 

V.  Finally,  read  off  the  times  of  the  contact  on  the  relative  orbit 
regarded  as  a  scale  of  time.     For  contacts  I  and  II  subtract  the 
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reading  from  the  time  of  opposition  (IT**  47'°.8  in  this  case) ;  for  III 

and  IV,  add.     In  the  present  case  the  results  oome  out  as  foUovs : 

L  IL  Middle.  ni.  IT. 

-1«.6  -0  41.6  +0    e.6  +100.0  +2    7.0 

17  47.8  IT  47.8  17  47-8  17  47.8  17  47.8 

16  00.3  17  06.8  17  67.3  18  47.8  10  54.8 

(15  69.0)  G.H.T.     (17  06.4)  (17  57.0)  (18  47.6)  (10  53.9} 

.      The  flgurea  in  parentheeeB  are  the  calculated  results  given  In  the  almanac. 

To  get  Eastern  Standard  time,  s^ibtract  6  hours. 

1005.    Caloulation  at  a  Lunar  Solipn.  —  I.   Preparatttm  of  data. 

(a)  Moon's  motion  In  R.A.  105>.63 

Sun's       "        "    "  _J^ 

,      06.78 

X  15  (add  lialt  and  multiply  b;  10)      48.39 

1461".7  1(«  3.16188 

cos  7°  ae-.a  9.9063S 

Ob  =  143e".5  3.15821 

(6)  H  =  18'  44''.6  -  56".8  =  13'  4»".3  =  76&".3 

(c)  OC  =  7"  gy  54".8  -  V  17'  3".6  =  8'  62".3  =  632".8 

(d)  Radius  of«hadow  =  {P  +  p-S)  P63'68".4  ■ 

P         8".6  •■      ■ 

64'  06''.0 
S15'62'M 

88'  W.S 


add  A 


r  =  88-  63".0  =  iSSSr.d 


(b)  Seml-dlaraeter  of  moon  =  i  =  14'  41". 
C,  I  =  (r  +  a)  =  8; 


(/) 


=  C,II=-(r-«)  =  1451''. 


(S)  Time  of  opposition  =  IV"  47"'  46«.6  =  17i>  47".  78 

II.  Calculation  of  relative  orbit  (triangle  Obt)  to  find  angle  bOt 
(i),  and  hourly  orbital  motion  Ot. 

(a\T^^i  =  ^  ■  '^'-^  log  3.88610 

(o,   isugi       p^  1480".6  S.  16821 

i  =  28»07.'8  lang  9.72780 

an        ni  =  .^  *-*^' 

^'  cosi  ooe28'07'.3  0.94644 

Hourly  motion  (only  the  logarithm  is  needed)  S.21277 

III.  Calculation  of  CM  and  OM  {triangle  OCU). 

(o)  Cif=OCcosi  632".8  log  2.72616 

coBi  9.94644 

CJlf  =  469".6  2.67160 
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(&>  OM=OCani                                         6^'.8 

3.72616 

^i 

9.67336 

Log  on  (woonda  of  aic) 

2.89961 

To  reduce  to  time,  divide  by  hourly  motion 

8.21277 

OJf  (time)=   0i'.1537 

9.18674 

=   0i'(*".a2 

Time  of  oppodtlon  =  lTi>  iT-'.TS 

17t>  67'°.00  =  middle  of  eclipee. 

IV.  Caleulation  of  M,  I  (=  M,  TV),  and  angU  i},  and  of  time  of 

firtt  and  latt  contacU  (triangla  MCI). 

,  ,  o,  CM      4e9".a 

{a)81n,  =  p^  =  3^^^ 

.,=  8°23',8  Binq 

M,l=  C.Icoai) 

ooss'ay.s 

(6)  Log  M,  I  (aeconda  of  are) 
Divide  by  hourly  motion 
M,  I  (time)  =  11-.M86  =  V'  66».91 
Htddto  17"  67».00  171'  67-.00 

-  1"  66-.91  +  I"  66-.91 

(I)    I6«'00».0e  18k53".»l    (IV) 

V.  Caleulation  of  M,  II  (=M,  III)  and  of  angle  B,  and  of  time 
of  the  two  internal  contacts  (triangle  MC II). 

e  =  18"  62'.5 
<b)  Jf,n=C,UXcoe» 

Jf,  II  (seconds  of  arc) 
Divide  1^  orbital  hourly  motion 
M,  II  (time)  =  0''.e41  =  60". 46 
Middle  17"  BT-.OO 

-  60°.4a 
(II)     IT'  06".  64 

VI.  The  angles  17  and  $  determine  the  arcs  of  the  moon's  limb 
intercepted  between  the  north  point  of  the  limb  and  the  point  of 
contact. 

For  the  1st  contact  the  arc  n,ft,=(90''— «)— ^=53°  29';  for 
the  2d,  the  arc  n,A,=(90°  +  »)  + tf  =  137°;  for  the  3d  contact, 
n,k,  =  (90" -*)  +  »  =  80°  45' ;  for  the  4th  we  have  «.ft,  =  (90°  +  ») 
—  1^  =  109°  44'.  The  Ist  and.  3d  are  reckoned  from  the  north 
towards  the  east,  the  2d  and  4th  towards  the  west 


3.67160 

inB 

8.16173 
0.60987 

Me  18'  52'.6 

0.97600. 

3.16178 

3.13778 

3.31277 

9.92400 

l?"  67".00 

+  50-.46 

181"  47=46 

(m) 
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Attention  is  called  to  the  fact  that  the  assamption  of  a  tmifonn 
motioD  of  the  moon  during  the  four  hours  involved  in  the  calcula- 
tion is  not  correct  and  would  not  be  permissible  if  the  phenomeaa 
of  the  eclipse  could  be  precisely  observed.  Since,  however,  it  is 
impossible  to  be  sure  of  the  tenths  or  even  quarters  of  a  minute  in 
observation,  the  method  of  calculaUon  is  abundantly  accurate  for 
its  purpose. 


1006.  Proof  that  th«  Orbit  deaoribed  under  the  Law  of  Oranta- 
tiofl  U  a  Focal  Conie.  (Supplementari/  to  Arts.  4^1,  4S4-)  —  (The 
demonstration  that  follows  is  substantially  the  same  as  one  given 
in  Williamson's  "  Treatise  on  IJynamics.") 

1.  General  differential  eqriations  of  the  motion.  Let  the  particle 
P  (Fig.  244)  be  urged  towards  O  along  r  by  a  force  F,  making  the 
angle  6  with  OX,  the  axis  of 
X.  The  forco  can  be  resolved 
into  two  components  along  the 
axes  of  X  and  Y,  viz.,  FoobO 

and  F  sin  $,  or  F~  and  J*"^- 

Hence,  the  accelerations  along 
the  axes  will  be  given  by  the 


rio.si*  ^y  B-y     *!.         ■ 

'^  =  — r—>   the   minus    sign 

being  used  because  the  force  F  tends  to  diminish  both  x  and  y. 

If  now,  according  to  the  law  of  gravitation,  F='^}  the  equations 

become  ^  =  ~  ^  *°^  ^  =  ~  j^  O-)-     The  integration  of  these 

equations  will  give  the  law  of  motion  and  the  nature  of  the  orbit 

2.    Equable  description  of  areas.     Multiply  the  two  equations  (1) 

by  y  and  x,  respectively,  and  subtract  the  first  product  from  Uie 

,  i     A        *^      n         df  du        dx\      „      „     ■ 

second:  we  get  x^- y^  =0,  or -(^^^-y-j  =  0.     Hence, 

by  integrating,  ^-^~y-^  =  ^'     (2);    A   being   the   constant  of 
integratioa  and  independent  of  the  time. 


D.gitizect.yG00glc 


If  in  (2)  we  subBtitute  r  oob  6  for  x,  and  r  sin  6  for  y,  and  perform 
the  neceasary  reductions,  we  get  the  oorrespondiug  polar  differen- 
tial equation  r*-^  =  h  (3). 

The  left-hand  membere  of  both  (2)  and  (3)  are  the  well-known 
expreesions  for  twice  the  increment  of  the  area  of  the  sector  of  the 
curve,  corresponding  to  ooneecutive  values  of  x  and  y,  or  of  r  and  6 ; 
BO  that  the  equations  prove  that  this  increment  of  area  in  a  unit  of 
time  is  constant,  and  constitute  an  analytical  demonstration  of  the, 
principle  proved  geometrically  in  Arts.  402-406. 

From  (3)  we  have  also  j  =  t  ;^  (4). 

3.   Ifaiure  of  the  orbit.     Substitute  in  equations  (1)  this  value 

of  -zt  from  (4),  and  we  get  :tt  =  — t~':^  =  ~  i  cosfl^-i  and 
»"  tic  A  T  at  A  at 


Integrating,webave— =— ^8'°"+"'  *°^  :^— +i  •'*'^^+^C^)t 

oE  A  at  ft 

a  and  /3  being  the  constants  of  integration,  depending  upon  the 
initial  conditions  of  motion  at  P. 

4.  Substitute  these  values  of  -z-  and  -^  in  equation  (2),  and  we 
have  x(f^c(»9  +  pj  +  i/(^Bm$  +  aj  =  h, 

or  j^fa;cosfl  +  ysinfll  +  j8a!-)-oy  —  ft  =  0. 

But  (a!C0Btf  +  y  Bin*)=fttt  +  mi*  (Fig.  244)  =  r,  so  that  finally 
this  equation  of  the  gravitational  orbit  Iiecomes 

,+  ^^  +  i„^_^  =  0.  (7) 

This  is  a  form  of  the  general  equation  of  a  conic,  with  the  origin 
at  the  focus.  The  coefficients  of  x  and  y  depend  upon  the  eccen- 
tricity of  the  curve,  and  the  angle  between  its  major  axis  and  the 
axis  of  abscissas,  while  the  absolute  term  is  tlie  semi-parameter, 
usually  designated  by  ;>,  or  a  (1  —  e^. 

From  (7)  we  see  that  in  the  gravtlational  orbit  p  =  — '  or  A  =  VJ^  (8) ;  and 
■ince  It  in  the  solar  ejBtem  Is  the  maa>  ol  ^e  cun,  we  have  h  proportional  to  the 
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(guars  root  of  Vhe  parameter  of  the  orbit,  in  accordance  wlUi  the  form  of 
Kepler's  third  law  given  at  the  end  of  Art.  423. 

fi.    Trantformation  of  equation  (^)  to  the  normal  polar  form.    Put 

—  ^p,  and  make  the  coefficients  of  x  and  y,  respectively,  equal  to 

e  cos  ^  and  e  sin  ^ :  also  for  x  write  r  cos  6,  and  for  y,  r  sin  6, 
6  being  the  vectorial  angle.     The  equation  becomes 

r  +  e  COB  ^  X  r  cos  tf  +  e  sin  if-  X  r  sin  tf  —p  =  0, 
or  r  (1  +  e  COB  0  cos  ^  +  e  sin  0  sin  ^)  =p, 

or  r(l  +  e  cos  [«  —  ^])  =p, 

or.  finally.  r  ^ — — r ; 

'  ""*"''  "^      1  +  e  co8(tf  -  ^) ' 

which  is  of  the  normal  form,  e  being  the  eccentricity  of  the  conic, 
while  the  niajor  axis  of  the  conic  makes  the  angle  i^  with  the 
axis  of  abscissas,  so  that  (9  —  ^)  is  the  anomaly,  v,  in  the  equa- 
tion as  usually  written,  r  =  r — — ^- 


1007.  Expreuios  for  the  Velooitr  at  any  Point  of  th«  Orbit 
{Supplementary  to  Art.  4^8.}  —  Suppose  the  orbit  elliptical,  and 
that  the  shaded  sector  in 
Fig.  245  has  been  described 
in  a  unit  of  time  (say  one 
second);  then  the  area  of 
this  sector  is  the  planet's 


areal^etocity 


and  the 


short  base  of  the  sector  (at 
P)  is  its  linear  velocity  V. 
At  P  draw  the  tangent 
MPN,  and  from  the  two  foci  S  and  F  draw  the  two  perpendiculars 
to  it, /and  /'.    Also  join  PF,  or  r".    The  area  of  the  sector  equals 


article  A'  =  /i^ ;  and,  by  the  properties  of  the  ellipse,  p  = 


have,  therefore,  F'  = 


A 
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A^in,   from  the   properties  of  the  ellipse,  /r=**i   ^  = 
(similar  triaQgles);  and(r  +  »0=2o. 

Hence,    r=t^^!£-t!i^!!(;>—')^hi^!t, 
fa  af      a  r       a         r  r        a 


finally,  F»=;a( j,  as  given  in  Art.  428. 

A  corresponding  demonstration  holds  for  the  hyperbola,  bearing 
in  mind  that  in  that  conic  a  and  &*  are  both  negative.     The  finid 

eqoation  is  the  same  :  in  either  case  —  ^  —  —  V*,  and  a  is  posi- 
tive (ellipse)  when  F*  <  ~ ;  becomes  negative  (hyperbola)  when 
K> — ;  and  ia  infinite  (parabola)  when  V=—^- 


1008.  Proof  that  the  "Parabolie  Telocity,"  V,  equals  •^'-''- 

(Supplementary  to  Art.  4^9.)  —  When  the  attracting  force  =  ^'  we 
have   for  the   acceleration  of  fall   towards   the  attracting  body 

ing  weget,  -^  =  ^+C.     It  v  =  0  when  r=a,  then  C=—-;  whence 

we  have,  i''  =  2/i  ( I  ■    If  we  make  a  infinite  in  this  expression, 

V  becomes  the  "velocity  from  infinity,"  or  "parabolic  velocity," 
denoted  by  U;  and  we  have,  therefore,  U'=~,  or  V'=-\—- 

1009.  {Suppleynentary  to  AH.  49S.) — Fig.  246  shows  how  the 
combination  of  the  earth's  motion  with  that  of  a  planet  produces 
an  epicycloid  as  the  relative  (apparent)  path  of  the  planet.  The 
earth's  orbit  is  represented  by  the  smaller  circle,  upon  which  are 
marked  eight  points,  0-VII,  occupied  at  eight  equidistant  times. 
AB  is  part  of  the  circular  orbit  of  a  second  planet  with  a  period  of 
twelve  years  (nearly  the  case  of  Jupiter),  the  points  marked  0„  0„ 
and  0,  being  those  occupied  by  the  planet  when  the  earth  is  at  0. 
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Id  the  aame  way  the  points  1),  1„  ajid  l,  correspond  to  I  in  the 
earth'a  orbit,  and  similarly  for  the  other  points  marked  2,  3,  etc. 
At  the  atart  the  earth  is  supposed  to  be  at  0,  and  the  planet  at  0^. 
Around  Oi  &a  a  centre  drav  a  circle  equal  to  the  earth's  orbit,  and 
draw  the  radius  0,0'  parallel  to  SO.  Then  the  line  SO"  will  be 
parallel  and  equal  to  OOi,  so  that  Oj  has  the  same  distance  and 
directum  from  S  as  Ox  has  from  0:  in  other  worda,  if  the  earth 


were  transferred  io  S,  &  would  occupy  precisely  the  same  position 
in  the  celestial  sphere  that  the  planet  actually  does  as  seen  from  O. 
In  an  eighth  of  a  year  the  earth  will  have  moved  to  I,  and  the 
planet  to  1^ :  the  line  Ilj  will  represent  the  new  direction  and 
distance  of  the  planet,  and,  repeating  the  same  construction  as 
before  (i.e.  drawing  from  1,  a  line  1,1'  parallel  and  equal  to  the 
radius  .SI),  we  find  I'  as  the  point  which,  seen  from  iS,  would  hold 
the  same  relative  position  that  1,  does  with  respect  to  I.     Kow  a 


D.gitizect.yG00glc 


APPENDIX.  599 

glftnce  at  the  figure  shows  that  this  point  1'  is  on  the  circnmferenoe 
of  a  circle  precisely  like  the  one  first  drawn,  but  with  its  centre 
mored  to  li,  and  is  at  the  extremity  of  a  radius  inclined  45°  to  the 
original  radius  QiO',  while  the  curved  line  01'  is  the  line  along 
which  the  planet  would  have  appeared  to  move,  if  the  earth  were 
regarded  as  stationary  at  S.  Carrying  out  the  construction  for  the 
successive  positions  of  the  earth  and  the  planet,  we  find  the  points 
2',  3',  4',  etc.,  for  ttie  apparent  "  geocentric  "  positions  of  the  planet, 
and  the  looped  curve  is  its  apparent  geocentric  path.  The  points 
P,  where  the  ptauef s  distance  from  the  earth  is  least,  and  the 
apparent  motion  retrograde,  correspond  to  oppotUion,  wlien  planet 
and  earth  are  on  the  same  side  of  the  sun.  The  points  of  maxi- 
mum distance,  marked  J,  are  those  of  conjunction,  when  the  earth 
and  planet  are  on  opposite  sides. 
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THE   GREEK  ALPHABET. 

LMoti,  RaiUM.  LMten.  Namo.  LMUra.       V4aa. 

A,  a,  Alpha.  I,  t,  Iota.  P,  p  ^,  Rlio. 

B,  j3,  Beta.  K,  k,  Kappa.  S,  a «,  Sigma. 
r,  y.  Gamma.  A,  A,  Lambda.  T,  r,  Tail. 

A,  S,  Delta.  H,  p..  Mo.  Y,  v,  UpsUon. 

B,  c,  EpsUoD.  N,  V,  Na.  4>,  ^,  Fhi. 
Z,  {,  Zeta.  B,  (,  Xi.  X,  x.  Cbi. 
H,  1},  Eta.  O,  o,  Omicron.  *,  ^,  Psi. 

e,  6  »,  Theta.  n,  a-  la,  H.  O,  •>,  Omega. 


MISCELLANEOUS   SYMBOLS. 

«. 

,  CoDJanctioD. 

A.R.,  or  o.  Right  Aacenaion. 

Oi 

,  Quadrature. 

Decl.,  or  8,  Declination. 

*, 

,  Opposition. 

A,  Longitude  (Celestial). 

n. 

j6,  Latitude  (Celestial). 

u, 

^,  Latitude  (Terrestrial). 

•i 

Angle  between  line  of 
obliquity  of  tli2  eclipti 

nodes  and  line  of  apsides.     I 

DIMENSIONS    OF   THE   TERRESTRIAL    SPHEROID. 
(Accordiog  to  Clarke's  Spheroid  of  1878.    For  the  spheroid  of  1806,  see  Art.  146.) 
Equatorial  semidiameter,  — 

20  926  202  feet  =  3963.296  miles  =  6  378  190  metrea. 
Polar  semidiameter,  — 

20  854  895  feet  =  3949.790  miles  =:  6  356  456  metres. 
Oblateness  (Clarke), —1— ;   (Harkness),  _!_. 

Length  (in  metres)  of  T of  meridian  in  lat.  ^=111 132.09  -  556.05 
oos2^  +  1.20cos4^. 

Length  (in  metres)  of  1°  of  parallel,  in  lat.  <t>  =  111  415.10  cos^ — 
94.54  »«  3  <6. 


D.gitizect.yG00glc 


602  APPENDIX. 

I'of  lat.  at       pole  — 111  699.8  mfltres -> 69.407  mUes. 
I'of  lat.  at  equator  =  110  567.2  metres  »  68.704  miles. 

These  formnlie  correapoDd  to  the  Clarke  Spheroid  of  1866 
the  U.S.  Cos«t  and  Geodetic  Survey. 


TIME  CONSTANTS. 


The  Bidereal  day       =  23''  56"  4'.090  of  mean  solar  time. 
The  mean  eolar  day  =  24''  3"  56*.556  of  sidereal  time. 

To  reduce  a  time-interval  expressed  in  unita  of  msan  aoJar  time  to 
units  of  tidereal  time,  multiply  bj- 1.00273791 ;  Log.  of  0.00273791 

=  [7.4874191]. 

To  reduce  a  ttme-interval  expressed  in  units  of  sidereal  tirae  to 
units  of  mean  solar  time,  maltjply  by  0.99726957  =  (1  —  0.00273043) ; 
Log.  0.00273043=  [7.4862316]. 

Tropical  year  (Newcomb,  reduced  to  1900),  365*  S^  48"  46'.98. 
Sidereal  year  "  "  '*       365    6      9        8.97. 

Anomalistic  year    *'  "  "      365    6    IS      48.09. 

Mean  synodieal  month  (Nelson),                 29^  12''  44"  2'.864. 

Sidereal  month, 27  7  43   11.546. 

Tropical  month  (equinox  to  equinox),       .27  7  43     4.68. 

Anomalistic  month  (perigee  to  perigee),  .  27  13  18   37.44. 

Nodical  month  (node  to  node),          .        .  27  6      5   35.81. 


Obliquity  of  the  ecliptic  (Newcomb), 

23°  27'  8".26  —  0".468  (t  — 1900). 
Constant  of  precession  (Newcomb),  60".248  +  0.000222  {t  — 1900). 
Constant  of  nutation  (Paris  Conference,  18%),        9".21. 
Constant  of  aberration  (Paris  Conference,  1896),    20".47. 
Solar  parallax  (Paris  Conference,  1896),  8".80. 

Velocity  of  light  (Michelson  and  Newcomb), 

186330  miles,  299860  km. 
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TABLE  II.— THE   SATELLITES 


Name. 

DiKOietT- 

!>!■[.  in  Eqw 
lorWIUdtl 
ofPUn«. 

■"S" 

SidenlPutod. 

M«m. 

«a.mn 

138840 

BATELUTES  OF 

1 

Phot™   .... 

HbU, 

187T 

2.T71 

0890 

T'S^IB'.l 

3 

Deimo.   .    .    .    . 

" 

'■ 

6X1 

14  00 

"    «  "  "* 

SATELLITES  OF 

6 

MunelHU    .     .    . 

Banuicd, 

im 

2.B61 

112  GOO 

ll'S7-S».S 

1 

lo    .    .    . 

Galileo. 

ISIO 

G.S33 

281000 

1'  IS  27   816 

a 

Eorop* 

" 

3.433 

41B0a0 

3    13  13   42.1 

3 

atmymede 

" 

ISJICT 

884  on 

7     3  42   33.4 

4 

CMIiato  . 

" 

2B.4S6 

iisifloo 

18    10  32    U.2 

e 

Perrins, 

i«t» 

mM 

718OO0O 

!e3.4 

T 

N«>»1«« 

7403  000 

aflGj) 

SATELLITES  OF 

I 

Mlmu     .    .    .    . 

W.Hwrohel, 

1T88 

3.11 

IITOOO 

22>3>  ».7 

3 

.. 

3.88 

167  000 

I'    8  83     6J 

3 

Tethy.    , 

J.D.Caulni. 

16H 

4.BG 

188000 

1  a  18  a.e 

4 

IMooe.    . 

.. 

8.34 

238000 

3    17  41     8.3 

n 

Rh«  .    . 

.. 

lere 

8.98 

332000 

4    12  25   11.8 

« 

Titan  .    . 

1«K 

XM 

771000 

IS    22  41    21.2 

T 

Hyperion 

a.  P.  Bond. 

1M8 

».07 

S34  000 

21     «  30    27.0 

8 

InpetM  , 

J.D.Ciiulnl, 

NiW 

2258000 

78      7   64    17.1 

a 

PiKBbe    . 

W.Piokerlng. 

1898 

313.G 

BOOOOOO 

G4e.G 

10 

Tleml.  . 

" 

ISOB 

34.3? 

006000? 

20   90 

SATELLITES  OF 

1 

Ariel 

l.w»ll. 

l«tl 

7.52 

mooo 

ai  i2»j>a..i 

a 

DmbrlBl.    .    .    . 

.- 

10.48 

1S7  000 

4      3   37    37.2 

3 

TlMoU   .... 

W.HerMbal, 

17B7 

iT.ii 

2T3000 

8   16  68   20£ 

* 

Obepon    .... 

nao 

38BO0O 

13    11     7     8,4 

V 

SATELLITE  OF 

NamelDB     ...     LfU»U, 

IMO 

12.93 

221  GOO          fii  21>    »44>.S 

lowGooi^lc 


APPENDIX. 


OF  THE  SOLAR  SYSTEM. 


Synodic  P«iod. 

Inc.  of  Orbit 

toEoUptlo 

PUnertOtbiL 

triciir 

|z 

S3' 

KemwlEi. 

a'i»4*'  ».7 

P  Off   «- 

-              - 

OilMSl 

- 

^sr""""' 

OrbiU  HUlbl* 
pUuiet'J  equator. 


2-  ao' 

ar 

7 

loo? 

? 

H  1S>  2»>  3S-.B 

2     08 

3 

0 

wa 

JNomosg 

3  IS  IT   ia.T 
T     3  S0   3S.9 

1     38 

1    a» 

B7 
G3 

- 

.OOIS 

2100 

.ooae323 

Tbe  diuDciten 
Tbe  rat  of  the 

le  18   E    e^ 

1     117 

<U 

»A 

«qa.lor 

.0073 

100? 

.000M2W 

KoC, "- 

31-.4 

«T 

Long.olAKEDd 

M-    W    W 

About  ?T*. 

BOD? 

^ 

Node  of  orbit. 

" 

Inolluttonofthe 

800? 

IbeBJiiBerorbd. 

on  BoHptifl  for 

iooo.iwi(r3B". 

" 

lo  plane  of  celeJ 

? 

(SlnnarutalUta 

" 

llftlequolor 

IBOO? 

? 

Bid  ring.). 

27     38     49 

«       4.8 

-«*S7'4a"(l»0(l) 

.1188 

WO? 

iJb. 

me 

wrm? 

T 

s     e 

.22 

BO? 

{£f,SK"-- 

s>    00? 

.w 

30? 

Long,  of  AKend. 
Node  of  orbits  on 
pUne  of  scUptlc 
'^  in*  32*  (ISDO). 

NEPTUNK. 


All  Betroirade. 


lM?SB'il« 


■  Goot^lc 


APPENDIX. 


si 


^gr-(NMQ<Dnineoasseoixi09iogjo 


—iS-"  fr)oi(M  Oi.-l  CO  <-l  1-1-. 


1  =  44' 

b   O   O   o   c 


HHMf-^OE-'fciaeQSMMfc.E-ifcOW 


D.gitizect.yG00glc 


APPENDIX. 


TABLE  IV.— STELLAR  PARALLAXES  AND  PROPER  MOTIONS. 
From  Oademuu'  pver  ("ABtrou.  NmIl,"  Aug.  1889),  with  • 
Uter  ■ooToes. 


No. 

Vtja. 

.(1800) 

J  0800) 

XMg. 

1^ 

t 

DManoe 
(Ught- 

3.38. 
P 

^1 

Crou 
Hotlon 
(ml1« 

p.  sec.) 

--- 

•  CentaoTl.    .    .    . 

t»!B^.e 

-«•»■ 

~ 

0-.76 

4.4 

~ 

14.4 

10  G7.3 

8.9 

0.60 

BJl 

4.76 

28 

eiCygnl     . 

ai   2.0 

6.16 

iHsreulii. 

+  38    8 

0.40  f 

8.1 

0,6 

SIrliu     .    , 

6  40.4 

^1.4 

0.39 

e.4 

1.38 

10.6 

zaaw  .  . 

IB  41.B 

+  B8  28 

0.3S 

30.3 

,C»«to|»to 

0.3E 

0.3 

9,6 

fiCuiJopels 

+  64  23 

6.2 

0.34 

3.75 

33J 

Qroombrldge  1018 

ID    4.8 

+  60     1 

6.6 

0.32 

10 

1.43 

13.2 

17  303 

+  66  16 

s' 

03) 

io.a 

0.18 

1,S 

OroombrldgaM. 

0  13.1 

+  42  M 

0.28 

11.3 

2,80 

28.4 

Lm.93111    .    .    . 

22  &S^ 

-36  28 

7.6 

0,28 

11.6 

B.9S 

73 

PnxTOD     .    .    . 

+   6  30 

1.26 

Li.2iaw    .  .   . 

+  4*    6 

8.6 

4.40 

48.8 

IB 

Arg.OelWen  ll«n 

11  14.4 

+  6fl  26 

8 

0.28 

12.6 

34.4 

TOOpUnchl    .    . 

+    2  33 

1.13 

IT 

<rI>rmaDnli     .    . 

10  32.0 

+  6B  28 

4.7 

0.26 

21.7 

IB 

.Indl     .... 

21  H.8 

-67  14 

as 

0.30 

16.3 

4.60 

07,7 

.Aqulto    .    . 

18,3 

0.86 

o-Erhtuil  .    .    . 

4  10.2 

4.06 

82.7 

SI 

Alg.-OeltMn  1T4KK 

« 

+  88  27 

0.1B 

i-m 

20.8 

SZ 

216W    .    .    .    . 

11     8-1 

33 

»  Cuatopcte  .    . 

0    3.3 

0.16 

ojsa 

M 

Tega 

+  38  41 

0.3 

3D.4 

0.38 

8,8 

eErliUiil    .     .    . 

3  16JI 

-43  28 

23.3 

ae 

Arotuna   .    .    . 

14  10.B 

+  18  46 

26.1 

2.2S 

w 

a  Tanri  .... 

4  w.e 

+  18  17 

38.2 

4,8 

38 

.AorigB    .    .    . 

B     8.6 

+  4S  63 

28 

■  Leonli     .    .    . 

10    2Ji 

0J)83 

36.1 

30 

11  48.0 

BA 

0.087? 

7.06 

238   ? 

I  18JS 

+  88  43 

0.016 

1.8 

83 

0  34.3 

+  65  66 

2.x 

0O71 

46 

0.06 

+  28  17 

0,088? 

48 

0.84 

•a.7 

jToacanl  .    .    . 

-6S  31 

4.1 

67 

as 

BEF^tool    ■    -    ■ 

33  S6.4 

+  26  30 

6.B 

0.0G4 

80 

l.W 

70.3 

Cuioptu,  a  OrEonlB,  n  Cjgai,  B  CentaoTl,  am)  y  Canlopein,  all  of  them  ilan  of  the  Ant 
or  aeoond  magnltaile,  have  alga  been  oarefnll;  ohMrred,  and  bare  yielded  no  parallax 
exoeediiis  a".a6. 

Id  the  table  the  eolomu  beaded  "  we<gbt "  Indicates  ronghlf  the  probable  rellkbUlty  of 
the  parallu  glren,  —  the  cetimate  depending  on  the  eharACteTT  number,  and  aooordanee 
of  the  different  determlnatloiu  for  the  Btar  In  qnesClon.  The  avenge  "  probable  error " 
lor  the  parall&iae  of  the  ufale  may  be  taken  aa  about  O'',01,  i.a.  it  itjuit  at  Hheig  a*  not  that 
an  arerage  parallax,  weighted  2  or  3.  may  be  vrong  by  that  atnonnt. 

Tba  orlgtnal  paper  of  OudemanB  oontalna  all  the  data  then  aTailable :  In  the  caM*  of 
■aretal  of  tbe  slara  they  are  very  dlaeordant  and  niiMtlafaetory,  ao  that  It  1>  to  be  eipeoted 
that  ultimately  aonieof  ther»nlu  tabulated  abore  vlU  piore  leclousty  In 
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§2 
I  i 


f  B 


5 

n                                             ^ 

j 

S«3«s3«00».--sSr-«=E>2.-SSr-*-f-M 

OM|aao«.|0^jo^|0.«.-|ao'00»*oo« 

806.40 
898.03 
802.80 
878.80 
885.60 
864.80 
892.60 
898.77 
892.1 
876.20 
870.40 
841.0 
876.70 
808.47 
884.0 
842.1 
903.9 
886.5 
907.8 
821.8 
T98.8 
750.8 

, 

•>' 

0.780 
0.490 
0.186 
0.270 
0.461 
0.497 
0.267 
0.600 
0.857 
0.897 
0.810 
0.482 
0.628 
0.600 
0.440 
0.537 
0.721 
0.897 
0.514 
0.540 
0.634 
0.844 

s^sssssssssssssssssssa 

1 

6^.5  ±  0.1 
11.42  ±0.4 
11.46  ±0.2 
18.85  ±  1.0 
25.66  ±  0.1 
35.00  ±0.3 
41.60  ±0.1 
61.8    ±0.2 
64.0   ±1.0 
60.00  ±0.1 
60.0   ±0.5 
73.0  ±2.0 
81. 10  ±0.8 
86.40  ±1.0 
97.0   ±5.0 
118.2  ±1.0 
128.0  ±  1.0 
IW.O  ±  4.0 
106.8  ±  lO.O 

870.0  ±  25 

349.1  ? 
907      ?f 

i 

SsS-'5S33=='SSSSg?8gSS3'-'^* 
^g°'g2SS25l3^^S*'3*2*Ba!SS 
+  +  +  1  +  +  +  1  +  +  +  +  I+  +  +  +  1  +  +  +  + 

i 

4fc45».7 
21    40.1 
21      9.6 
18    66.3 

13  6.1 
16   37.6 

15  10.1 

6  40.4 
1    57.8 

11  12.9 

8  08.2 

16  38.6 

14  32.8 
18      0.4 

9  45.3 
0    23.1 

14    46.8 

12  88.8 
0    42.0 

16    11.0 
0   49.6 

7  28.2 

1 
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-„„,.o..-«o.gas3sssKS2saa! 

D.oiliz.oB,GoOglc 


APPBNDIX. 


VAKIABLB   STABS. 


A  Mleotkm  (rom  Dr.  S.  C.  Ctuudler's  tUrd  OaUlogoe  (Ji 
*Wbla  to  tba  naked  sye,  hare  >  rang*  of  rarfMloii  enMsdiD 
■aeb  in  tha  UnlMd  Slate*. 


4 

Nus. 

Pl»<»,19(». 

Bangeol 
Vartadon 

Period 

(Dayj). 

Bemulu. 

K 

> 

< 

, 

T.  Oil    ...    . 

0t>I6n>.7 

-20- sr 

B.1-  7,0 

86  <• 

Twylireg. 

a 

+  38     1 

410.7 

.CwMopel.    .    . 

0   aHA 

+M  se 

2.1- 1.8 

Hot  purlodlg. 

* 

.CflU(Jlfi«,  .    . 

1    11.S 

-  3  28 

l.T-  t£ 

331.6 

lATgs    irregu. 
lutualndats 
A  brlghtneu. 

B 

pPenel  .... 

2   KX 

+  38  21 

3.4-4.1 

33? 

Very  Irr^. 

a 

pPBrtri  (Algol). 

»     1.7 

+  40  34 

3J-3.B 

3'ai>4^6B'.43 

Period  now 

7 

ATanrl   .... 

a  Be.1 

+  11  12 

3.4-4.1 

3'2»6>1> 

Algol  type. 
Irregnlar. 

.Auriga     .    .    . 

3J1-4JI 

Hot  periodic. 

S 

.Orionl.     .    .    . 

5    «.T 

+  7  23 

0.7-  \S 

Notpetiodlo. 

10 

q  Qemlnanua 

+  21  32 

3.1-4.1 

231.4 

iOemtnorom.    . 

e   68.2 

+  10  43 

101 »  41- 31^.8 

13 

BCanbHaj.  .    . 

T    14.0 

-IB  13 

O.S-67 

l'3HB-4ff 

Algol  type. 

9   38.6 

8.0-13.0 

S70Ji 

RLeonlg     .    .    . 

«    41.2 

U 

ITHyd™     .    .    . 

10   31.0 

-1161 

4.S-8.3 

196*? 

Verjimig. 

RUnaHa].   .    . 

302.1 

17 

BBydng    .    .    . 

13    24.2 

-22  46 

3.6- BJl 

4».10 

Period 

■hartenlng. 

18 

SVlrsIuli  .    .    . 

-  8  41 

378.4 

IB 

BBolHli      .    .    . 

14    32.8 

+  27  W 

S.B.I2.2 

XS.4 

20 

J  Libre  .... 

8.0-8.2 

a-T'Bl-ll'.B 

Algol  type. 

SI 

BCoronn   .    .    . 

+  2S  18 

Mot  perlodls. 

n 

B  SerpentJB    .    , 

le    46.1 

+  10  28 

6.8-13.0 

367,0 

■  HercullI  .    .    . 

+  14  30 

BOWBO- 

Nol  peilodlo. 

M 

COphlndil     .    , 

8.0-  8.7 

V^TWM 

2G 

uHwoulte.    .    . 

17    13.8 

+  3S  11 

4.8-8.4 

Irr«B.p«rlodlo. 

ae 

XSagltUril     .    . 

-2!  48 

4.0-  8.0 

T   0bI7-87' 

27 

WSaglltartI   .    , 

17  M.e 

-IS  3G 

4.S-E.B 

28 

YSagtttarii     .     . 

18    IBi 

-18  W 

8.8- 88 

pna-ss-at-js 

BSontl  .... 

IS    43.1 

-   B  49 

71.1 

VerylTTBg. 

30 

flLj™    .... 

18    48.4 

+  33   IB 

3.4-4.0 

SI 

BLrno   .... 

4.0-4.7 

48.4 

31 

xCjgnl  .... 

IB    48.7 

+  31  40 

4.0-13.8 

406.01 

Period 
lengtliealBg. 

«Aqidl>     .    .    . 

+  0  48 

B.S-4.7 

T»  4'U-Be' 

M 

SSa«ltl«    .    .    . 

IB    E1.4 

E.S-  8.4 

9"  9'11-4S'.0 

3G 

XC7gni.    .    .    . 

20    3SJi 

+  3B  14 

8.4-  7.7 

\»  B^IE-  7- 

3S 

TVolpBOnliB  .    . 

+  27  S3 

B.B-6S 

*'10'37-B>.4 

TCephel    .    ,    . 

+  88    8 

6.1-1 0.7 

387 

88 

,.Cph.l      .    ,    , 

31    40.4 

+  GS  IB 

4,0- B.B 

430* 

Irrog.periodlo. 

ae 

tOiphti      .    .    . 

H    2C4 

B'»«7<>aB-.3 

«) 

SPoga>l.    .    .    . 

m   38.0 

+  17  32 

1.1-1.7 

MotpeHodlo. 

41 

BAqoaHl   .    . 

U    38.8 

-IB  80 

B.8-1I? 

387.18 

41 

BCMIioiMde  .    . 

2S   B3.3 

+  80  80 

4*.12 

4».6 
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APPXNDIX. 


TABLE  vm  — MEAN  EEFRACTION. 


^^. 

JMttai*. 

.»^. 

V 

84' 60" 

ll" 

4'  47".7 

SO" 

I'  89".6 

1" 

24  22 

12° 

4  24  .6 

86' 

1  22 

1 

20 

18  08 

13" 

4  04  .4 

40° 

1  08 

0 

9> 

14  IS 

14" 

3  47  .0 

45° 

67 

e 

4° 

11  87 

le" 

3  18  .2 

60° 

48 

8 

6" 

0  45 

18° 

2  66  .e 

66° 

40 

3 

6" 

8  28 

20" 

2  37  .0 

60° 

83 

2 

70 

7  19 

22° 

2  21  .6 

66° 

26 

8 

8° 

6  29 

24' 

2  08  .« 

IV 

20 

9 

8" 

6  49 

26' 

1  67  -fl 

80° 

10 

B 

10" 

6  16 

28° 

1  48  .0 

90° 

0 

0 

For  every  6°  F.  by  which  the  temperature  Is  lei*  tbut  60°  F.,  add  one  per 
cent  to  the  tabular  refraction,  and  decrease  it  in  the  same  ratio  for  temperaturea 
above  60°  F. 

Increase  the  tabular  refaction  by  ttree  and  a  haV  ptr  eeat  (or  avery  ioch  of 
barometric  pressure  above  29.0  Inchea,  and  decrease  It  in  the  same  ratio  below 
that  point.  These  corrections  for  temperature  and  pressure,  though  only  ap- 
proximate, will  give  a  result  correct  within  2"  except  in  extreme  cases. 
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INDEX. 

See  Also  the  Sxipplemeatury  Index. 


prenly  aiabed  to  the  conlru; ,  ■ 


lo  artitlet  SJid  not 


Abamttoti  of  llgM,  niiiitmi.*i!i,aq4-a«i; 
used  to  deWrmlQe  the  solar  pantllaz, 
692;  dluni»l,22b^j  spherical  and  chro- 
matic, 39. 

ABOm.  Wkfa,  discoverer  of  the  lunur 
TBrtatloD,45T. 

Abmlnt«  acsle  of  stellar  magnitndo, 810. 

Aoceleratian  of  Encke's  comet,  TIO;  of 
Winnecke'a  comet,  711;  of  the  sun'a 
equator,  2S3-2S5;  secular,  of  moon'a 
moan  motion,  459-lGl;  secular,  of 
moon's  mean  motiou  as  aSect«d  by 
msteots,  77S. 

Adwomatii)  object^tasses  lor  telescopes, 

41. 

Aotinomatsr  of  Tlolle,  341. 

Adaus,  J.  C.>  the  discovery  of  Neptune, 

651;  iDTestlgation  of  the  orbit  of  the 

Leonids,  TSC. 
AAl^utUMOt*  o'  tile  traosU  lostrnmeDt, 

60. 
AwolitM.    See  HeteoriMs. 
Ag«,  relative,  of  the  plaaeU,  913,916;  of 

the  solar  system,  022  ;^f  the  sun,  3fi9. 
Air-anrraiits  at  high  elevations,  TT3,  note. 
Airy,  G.  B.,  density  of  the  earth,  1G9. 
Albedo  defined  aod  determineil,  MS;  of 

JnjMter,  flit;  ot  Mars,  S83;  o[  Mercury, 

65«;  of  the   Moon.  25<1;   of    Neptune, 

660;  of   Saturn,  636;  of  Uranus,  618, 

of  Venus,  072. 
Al^l,  or  0  Persei.  848. 
Atmagert  of  Ptolemy,  KW,  TOO,  790. 
Almoaantar  defined,  12. 
Altitods  defined.  21;  parallels  of,  12;  of 

pole  eqoals  latitude,  30;  of  son,  bow 

measured  with  eextant,  77. 
Altitude  and  azimuth  Instnmient,  TL 
Amplitude  defined,  22. 
Andromsdi.  the  nebula  fn,  B86;  tempo- 

nuy  Btftr  In  the  nebtda  of,  810. 


Andromedes,  the,  T80,  781, 786. 

Angle,  position,  of  a  double  star,  868;  ot 
__tiie  vertical,  lOli. 

Angular  nnd  linear  dimensions,  5;  veloc- 
ity under  central  force,  its  law,  408, 
409. 

Annnnl  equation  of  the  moon's  motion, 
458;  motion  of  the  sun,  1T2, 173. 

Annular  eclipse,  382;   nebula  in  Lyra, 


Anomaly  defined,  mean  and  tme,  189. 

Apertures,  limiting,  in  photometry,  82S. 

Apex  of  the  sun's  way,  805. 

Apparitioii,  perpetual,  circle  ot,  33. 

Apsldei,  line  uf,  defined,  183;  its  revolu- 
tion in  case  ot  the  earth's  orbit,  lOB; 
its  revolution  in  cose  of  the  moon's 
orbit,  454;  ila  revolution  in  case  of  the 
planets'  orbits,  027. 

Ara  of  meridian,  how  measured,  147. 

Areal  or  areolar  velocity,  law  of,  mider 
central  force,  402-406. 

Areas,  equable  description  ot,  in  earth's 
orbit,  186, 18T. 

AuoELASDEB,  his  DtiTr^hmiitlervnn  and 
zones,  700,  833;  bis  star  magnitudes, 
817,  833. 

Argus,  1,  841. 

Ariel,  the  inner  satellite  ol  Uranns,  660. 

Aries,  first  of,  17. 

ARisTARfHiiH,  method  ot  detemlning  the 
sun's  distance,  6«i,  670. 

Artificial  horizon,  the,  78. 

Ashes  of  meteors,  770. 

AspectB  of  planets  defined  by  diagram, 

Asteiofds,  the,  or  minor  planets,  692-601; 

theories  as  to  their  origin,  600, 
Aitrsa,  the  fifth  asteroid,  discovered  b; 

Hencke,  SSS. 
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[Ail  nfannca,  Doleu  axpnwlf  listed  to  thg  ooDtruy,  tn  to  ortlcln,  ud  lu 


Astro-FIi7*io*  defined,  S. 
AtUMi  o[  tbe  Bton,  793. 
AtnuMpban  of  tho  mooo,  2S5-29T;  of 

Vemu,  073 ;  height  of  the  earth's,  S8. 
Attraction,  lnl«n^y  of  the  solar,  on  tho 

euth,  436;  within  a  hollow  ipheie, 

laS;  ofDiiiTersalgi«TitBtion,161,162. 
Aziiottheeull,ltsdliectloii,I4;  otthe 

earth,  disturbed  by  praceidoD,  206;  of 

tbe  son,  Its  direction,  282. 
Asbnntb  defloed,  33;  determination  of, 

12T;  methodof  iack(Hiing,!S;  of  tran- 

tit  InatTument,  Its  adjtutment,  60. 


EuLT,  deteimliuitiou  of  tbe  denslly  of 

Uie  earth,  166. 
Balance,  common,  used  in  determining 

thedenaityof  the  earth,  ITO;  torsion, 
used  in  determltilng  the  density  of  the 
earth,  160. 

Barometor,  changes  of,  aOectlng  atmos- 
pberlo  letrHctlon,  91 ;  effect  on  height 
of  the  tides,  480. 

Barometila  error  of  a  clock  and  Its  com- 
peosatlon,  52, 

Bigiimtiiff  of  the  da;,  1I£I;  of  the  year, 
232. 

BxBZBKBBKa,  eiperiinenta  on  the  devia- 
tion of  falling  bodies,  13S. 

BSSBBI.,  tbe  parallax  of  61  C;gnl,  SOB,  811 ; 
formation  of  cometo'  tails,  728;  his 
"  zones,"  706. 

BlBl^'B  comet,  T44-T46. 

Blelida,  tbe,  746, 7S0, 7S4,  TS6. 

Blalid  meteorite,  Mazapit,  T84. 

Binary  itara,  ST2-8T9*;  their  masseB, 
B77-87S;  their  orblla,  873-877;  spec- 
troscopic biaaries,  871MJT9*. 

Biiasztila  year,  explanation  of  term,  219. 

Blaok  Drop,  the,  at  a  transit  of  Venos, 

BoDs's  law,  488,  489. 

BolldM,  or  detonating  meteors,  T6S. 

BolomaMr,  the,  of  Ixngley,  343. 

Bond,  Q.  P.,  first  photograph  of  a  double 
star,  868. 

Bond,  W.C.,  dlscoTery  of  Hyperion,  643; 
of  Saturn's  dusky  ring,  63T. 

BoTLE,  law  of,  360,  note. 

Beabb,  Ttcho,    See  Ttcho. 

Bredicrik,  his  tLeory  of  comets'  t^U, 
731,  732. 

Srl^tnMl  of  comets,  699 ;  of  planets  In 
Tarioos  positions,  Mercnry,  Bill;  Ve- 
nue, K63,  088;  Hars,  079;  Asteroids, 
S9B,  1109;  Jnidter,  610;  Satom,  682; 


Uranus,  647;  Neptune,  600;  of  an  ob- 
ject in  the  telescope,  38 ;  of  sbootiug 
stars,  773 ;  of  stars,  cansea  of  the  dif- 
ference in  this  respect,  836;  of  stai^ 


OaloriM  of  different  magnitude,  338.  note. 
Oandla  power,  its  mechanical  eqaivalent, 

TTG;  power  of  snnllght,  332,  333. 
Oandle  standard,  333,  nofe. 
Oaptore  theory  of  oomels,  740. 
Oardinal  points  defined,  20. 
Cabuni,  eartb's  density,  168. 
CAaniNOTOH,  law  of  the  sun's  rotation, 

383,284. 
CABsmaBAiKiAii  telescope,  48. 
CassIsI,  J.  D.,  discovery  of  the  dlTision 

in  Saturn's  ring,  037;    discovery  of 

four  satellites  of  Batum,  643. 
CatalogUM  of  stars,  TM. 
CAVSMiiisit,  tbe  lotEioQ  balance,  IGS. 
OslMtlal  latitude  and  longitude,  1T8, 179; 

sphere,  conceptions  of  it,  4. 
Cenls,  Kt.,  dHterminatlon  of  the  earth's 

density,  168. 
Central  iotut,  moUon  nnder  It,  40D-410; 

force,  its  meaaore  in  case  of  dnntlar 

motion,  411. 
Central  suns,  807, 903. 
Cantrifngal  force  of  the  earth's  lotatlMi, 

CerM,  discovery  of,  092. 

Chandles,  S.  C,  catalogne  ol  variable 

stars,  802,  Appendix,  Table  VI. 
ChangM  on  tbe  moon's  sottace,  368;  In 

the  nebulie,  892. 
Characrtariatlos    of    different   meteoric 

Bwnrms,  783. 
Charta  of  the  stars,  796. 
CllBmioal  elements  recognized  in  comets, 

734,  T30;  elements  recognized  in  stars, 

806;  elements  recognized  In  the  sun, 

310-317. 
Chromatio  aberration  of  a  lena,  sa 
Ohromoipliere,  the,  391, 322, 363. 
OhTonagTaplL,  the,  06. 
Chronomatwr,  the,  04;  longlttide  by,  121 

[Al. 
Qrde,  tho  meridian,  63. 
OiiclM  of  perpetual  apparition  and  oo- 

cultation,  33. 
(Hronlar  moUon,  central  force  In,  411. 
Ct.aibaut'b    equation    concerning    the 

ellipticlty  of  the  earth,  106. 
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[AantMtnaM,a 
OiiASKBa  CoL.r  dJmeiisioiu  of  the  earUi, 

14S  and  Appendix. 
OlMliawtton  of  Btellar  apeotra,  8BT,  8S8. 
Olmmix,  Mibi  a.  M.,  her  hlitoiy  ol  aa- 

tronomy,  Profaoe, 

T4B,saa 

Olocka,  general  ramaiks  mi,  BO, 

Qook-braaka  (electric),  ST. 

Aook-aiTOT,  or  correctloo,  and  mt«,  S3; 
or  correction  deUrmlned  by  tnudt 
iDBtroment,  09. 

diiaten  of  stars,  883-680. 

Coooia's  Comet,  730. 

Oolltmatliig  eye-piece,  BT. 

CoUimatioa  of  transit  Instmment,  60. 

CoUimatOT,  the,  nsed  with  transit  Instm- 
ment, OO;  of  a  spectroscope,  Sll. 

CoUIaiM  theory  of  variable  stars,  8D0. 

ColoTB  uf  Stan  In  photometry,  880;  of 
donbU  stars,  807. 

Cdnraa  defined,  28. 

Oomat,  Blela's,  714;  Donatl's,  727,  TSO, 
747;  Encka's,  710,  743;  great,  of  ISaS, 
748-7B2;  Halley's,  742;  Winnecke's, 
711. 

Oom«ta,  acceleration  of  Encke's  and  Win- 
necke's, 710,  Til;  brightness  of,  699, 
723;  capture  theory  of,  740;  chemical 
elemenU  la,  724,  T2B ;  constituent  parts, 
713;  contraction  of  head  when  near  the 
sun,  71S ;  danger  from,  7B3,  7M ;  den- 
altf  of,  720;  designation  of,  697;  di- 
mensions of,714, 717;  ejection  theory, 
741 ;  fall  upon  earth  or  san,  probable 
effect,  TG4;  groups  of,  with  similar 
orbits,  70S;  their  light.  721;  their 
masses,  718,  719;  and  meteors,  their 
connectioD,  78^-787;  nature  of,  737; 
their  orMts,  700-709;  origin  of,  738- 
741;  perihelia,  distribntlon  of,  706; 
physical  characteristics,  712;  plane- 
tary families  of,  739;  their  spectra, 
724, 726 ;  8npentllioa4  regarding  them, 
666;  thelctftlUortralns,  713.7I7,7^8- 
736  ;  variations  In  brightness,  723 ;  tIs- 
Itoie  In  the  solat  system,  709. 

GompatUon  of  starlight  wltti  ranU^t, 

391,832. 

Oompanaation  pendulums,  SL, 

OompauaUmi  of  pendulum  for  barome- 
tric changes,  B2. 

OompoiMaU  of  the  disturbing  force,  44B. 

Oo-ordinatN,  astronomical,  20. 

CoHMOK,  A.  A.,  jliotographa  of  nebuln. 


onlcaiy,  are  to  artfalst,  and  not  lo  pagn-i 

Ouutftntof  abemtion,  th«, aaS;  theso- 
lar,338-84a 

OonaUnoT,  secular,  of  ths  mean  dlstauoea 
and  periods  of  the  planets,  036. 

Oonrtallatloiu,  list  of,  7Q2;  thali  origin, 
791. 

Contact  olMervallaDa,  ttandt  of  VeniH^ 
irr9-ss2. 

Oontraction  theory  of  solar  heat,  306. 

OonTersioB  of  R.  A.  and  Deol.  to  latitnda 
and  lODgltnds,  ISO. 

CoTBRincBS,  his  system,  S03]  "Ttltim' 
pbans,"  809. 

CoBVU,  determination  of  the  earth's  den- 
sity, 166;  photomeCrio  observation  of 
eclipses  ol  Joplter's  salelllteA,  630. 

CoTona,  the  solar,  391,  327-331, 36t. 

OotmoroiVi  eOS-917. 

Ootidal  lines,  470. 

Craters  on  the  moon,  280-267. 

Cbbw,  H.,  spectroscoi^a  obeervations  of 

the  sun's  rotation,  2SS,  note. 
Omst  of  meteorites,  761. 
Curvature  of  comet's  tails,  720. 
Curvilinear  motion  the  eifeot  of  force,  401. 
Cycle,  the  Metonic,  218 ;  the  Callfpio.  218. 
CyolonM  as  proofsot  the  earth's  rotation* 

143. 


Daltov,  bis  law  of  gaaaoua  mtrturce,  SaO, 

Danger  from  comets,  T53,  764. 

Darkening  ot  the  sun's  llmbt  837. 

Dabwih,  O.  H.,  rigidity  of  the  earth,  171 ; 
tidal  evolutioD,  481,  916. 

Dawks,  diameter  of  the  spurious  disoi 
of  stats,  43;  nncleoll  in  son  spots,  293. 

Day,  the  civil  and  the  astronomical,  117; 
^ect  ot  tidal  friction  upon  Its  length, 
461 ;  changes  In  lis  length,  144;  where 
it  begins,  123. 

Deolinattm  defined,  23;  parallels  of,  23; 
determined  with  the  meridian  drde, 
128. 

Degree  of  the  meridian,  bow  measoredj 
13G,  147. 

Deimos,  the  outer  satellite  of  Han,  090, 
091. 

Dkuslb,  method  of  determining  the  eo- 
lar  parallax.  682. 

DxNNixa,  drawings  of  Jupiter's  red  spot, 
618. 

Density  of  comets,  720;  of  the  earth,  de- 
terminations ot  It,  164-170;  ot  the 
moon,  246;  of  a  planet,  bow  deter- 
mined, 510;  of  the  sun,  279. 

ioiB,or"BoUdes,"T6S. 
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DtT*lopm«nt  ol  mm  apota,  397. 

Dhnrmaftla  meteorite,  ice-coated,  760. 

Uaouter  (apparent)  tut  related  to  dls- 
taooe,  6;  of  a  placet,  how  measured, 
631. 

DUfanutUl  metliod  of  deterniliilng  a 
body's  place,  129;  tnetbod  of  deter- 
mining stellar  parallax,  811. 

nmtaoUoiL  of  an  object^laBO,  43. 

Dloiw,  fonrth  aatelUteot  Saturn,  613,  note. 

IHp  of  tbe  horizon,  81. 

Um,  spurious,  of  stars  In 

IHaooTBir  of  comets,  066. 

IHMdpation  of  BDeigj,  928. 

Diatanoe  of  the  moon.  239;  of  tlie  nelHi- 
la,  896;  and  parallax,  relation  be- 
tween, 64;  of  a  planet  In  satronoml- 
cal  nnits,  how  determlnad,  SlS-618 ;  of 
the  stars,  SOS-KIS;  of  the  sun,  274, 
27D.  also  Chap.  XVL 

UfUiiclBeH  of  telescopic  Image,  Its  con- 
ditions, 39. 

natcibntton  of  Uie  nebnlse,  896;  of  the 
stars.  SOD;  of  tbe  sun  spots,  301. 

DtotnTbiiig  force,  the,  439-444;  force, 
diagram  of.  441 ;  force,  its  resolution 
Into  components,  44Q. 

IHnmal  aberration,  32G*;  Inequality  of 
the  tides,  4TI;  parallax,  82,  86;  pbe^ 
nomena  !□  various  latitudes,  191. 

Uvislani  of  astronomy,  2. 

DosarBL  proves  that  a  comet  mores  In  a 
parabola,  700. 

DoHATl's  comet,  T2T,  T30,  TIT. 

Dopflbb'b  principle,  321*. 

Doable  stars,  8ti6-8T9;  their  colon,  867; 
criterion  for  diBtlngulshitig  between 
those  optically  and  pliyslcally  double, 
870;  metliod  of  measuring  tbem,  80H; 
optically  and  pbyHically  double,  869; 
baviiiK    orbital   motion,   see  Binary 

euts. 

DnaPKR,  E.,  oxygen  in  the  sun,  316;  pho- 
tograph of  the  nebula  in  Orion,  893; 
photography  of  stellar  spectra,  8C9; 
memorial,  the,  8BU. 

Duration,  future,of  theBan,3a8i  of  sun 
spots,  300. 


Barth,  the,  her  annual  motion  proved  by 
aburatlon  and  stellar  parallax,  1T4; 
approximate  dimenalons,  how  meas- 
ured, IXi-ri-K;  constitution  of  Its  in- 
terior, 1TI;  its  dtmensions,  Appendix 
and  140;  Its dimensioDS determined i;e- 
odetically,  147-149 ;  torm  of,  from  pen- 
dolnm  experiments,  102-160;  growth 


of,  bf  acMwlon  of  meteoria  matter, 
TTT;  mancompamd  with  that  of  Uia 
■tin,  278;  its  mass  and  density,  U9- 
170;  its  orbit,  lorm  of,  detemiined, 
ia2;  prindpal  facta  relating  to  It,  132; 
prooti  of  Ita  rotation,  133-143, 

Earth-ihlna  on  tbe  moon,  2M. 

Eccentricity  of  the  earth's  orbit,  discov- 
ered by  Hipparohns,  181 ;  of  the  earth's 
orbit,  how  determined,  180;  of  the 
earth's  orbit,  secular  change  of,  1B8; 
of  an  ellipse  defined,  183,  006. 

EelipiM,  duration  of  innar,  378;  dnra- 
tion  of  solar,  380;  nnmbei  in  a  year, 
SS1-S88;  recnrrence  of,  the  saros,  390; 
of  Jupiter's  satellites,  62T-630;  of  tbe 
moon,  370-3T8;  of  the  sun,  379-390; 
total,  of  tbe  son,  as  sbowlag  the  solar 
atmosphere  and  corona,  319,  323. 

EcUpUe,  the,  defined,  170;  obliquity  of, 
176;  limits,  lunar,  374,370;  llmita,  «»• 
lar,  386. 

EffeetlT*  temperature  of  the  sun,  3S1. 

Ejection  theory  of  comets  and  meteors, 
741. 

Elbowed  equatorial,  the,  74. 

Electrical  registration  of  obserraUonaJSe. 

Electro-dynamie  theory  of  gravitation, 
602. 

Elements,  chemical,  not  tmly  elemen- 
tary, 318 ;  chemical,  recognized  In 
comets,  724, 720;  chemical,  recx>gnizsd 
in  stars,  806;  chemical,  recognized  In 
snu,  316, 317 ;  of  a  planet's  orbit,  000- 
008. 

Elkih,  stellar  parallaxes,  806,  814, 815, 
and  Appendix,  Table  IV. 

EUlpsedefined,  183;  deecHbedasaconic, 
422,423. 

Elllptio  comets,  their  number,  T02 ;  tbeir 
orbits,  703;  recognition  of,  704. 

EUlpttd^  or  oblateness  of  a  planet  de- 
fined, 160. 

Elongation  of  moon  or  planet  defined,  230. 

Encaladss,  the  second  satellite  of  Satnrn, 
643,  note. 

Encke'h  comet,  710, 743. 

Enckb,  his  reduction  of  the  transits  of 
VenuB,  667. 

Eaargy,  the  dissipation  of,  92S;  and  work 
of  solar  radiation,  316. 

Enlargement,  apparent,  of  bodies  near 
horizon,  4,  nole.  88,  93. 

Envelopes  in  the  head  of  a  comet,  713, 727. 

Epooh  of  a  planet's  orbit  defined,  006. 

Epsilon  Lym,  653,  866,  882. 

Eqnal  altitudes,  determloatloD  of  ttma. 
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■liuttioii,  annual,  ot  moon's  motion,  408; 

of  tbe  centre,  1S9;  of  the  equinoxes, 
Z13;  ot  ligbt,  by  meuis  of  Jnpitet's 
BBlelliteB,  (08-630  i  of  tlma  explained, 
301-2(M;  expreaaing  the  relation  be- 
tween the  light  of  different  Htellar 
mognitudea,  820. 

Bqn&toT,  tbe  celestial,  16. 

Equatorial  acceleration  at  tbe  ann's  lo- 
tatian,  2S;(-2SS;  coad^,  Paris,  74;  par- 
allai,  SS ;  telescope,  T2 ;  telescope  used 
tc  determine  the  place  ot  a  heavenly 
body,  121). 

Squinootlal,  the,  aeeSqtiator,  celestial; 
pointa,  or  equinoxes,  IT. 

BqninoxM,  the,  equaUon  of,21S;  preces- 
sion of,  206-212. 

Ebatosthknbb,  hismeasnreof  the  earth, 
13S. 

Enotlllg  eye-piece  for  telescope,  46. 

Ericbboh,  bis  eolai  en^ne,  34S ;  experi- 
ment upon  radiation  ot  molten  Iron, 
3S0. 

EmptiTe  prominences,  32S. 
.  Xtoapemant  ot  clock,  SO. 

Xitabliahment  ot  a  port  (harbor)  de- 
fined, 463. 

Xoropa,  the  second  satellite  olJnplter,621 . 

SvectiiHi,  the,  iSG. 

BTDlntion,  tidal,  -184, 016. 

Xye-piaoei,  telescopic,  44. 

brUnationa,  the  method  of,  In  photome- 
try. 82B. 

P. 

Faonln,  solar,  292. 

Tall  of  a  planet  to  the  son,  time  reqnired. 
413,  3;  of  a  comet  on  tbe  sun,  proba- 
ble effect,  754. 

FalUng:  bodies,  eastward  deTiation,  ISH. 

FamUiei  (planetary)  of  comets,  73!). 

Fatb,  H.  a.,  bis  modification  of  tbe  ueb- 
ular  hypothesis,  915;  theory  ot  aun 
spots,  S04, 

Flattening,  apparent,   of   tbe   celestial 

Tdtos,  evidenced  not  by  motion,  but  by 
chanye  of  motion,  400;  projectile, 
term  carelesslyiued, 401;  central,  mo- 
tion underlt, 400^10;  repulsive,  action 

Vorm  of  the  earth,  145-15S. 

Formation  ot  comets'  taila,  T28. 

Fouc  AUI.T,  the  gyroscope  .showing  earth's 
rotation,  142;  bis  pendulum  experi- 
ment, showing  earth's  rotation,  130- 
141;  measures  velocity  ot  light,  ti90. 

FonrtMll  hundred  and  seventy-tour  line 
of  the  spectrum  ot  the  corona,  Xfil. 


Free  wave,  velocity  of,  473. 
Tnqnanay,  relative,  of  solar  and  limar 
eclipses,  394. 


Oalaxy,  the,  SOS. 

Qalilbo,  discovery  ot  Jupiter's  sat- 
elll1«8,  631;  discovery  of  Saturn's 
rings,  637;  discovery  of  phases  of 
TenuB,  0GT;  use  of  pendnlum  in  time- 
keeping, BO. 

Qallb,  optical  discovery  of  Neptnne, 
654. 

Qanymede,  tbe  third  satellite  of  Jupiter, 
631. 

Oaa  contracting  by  loss  ot  beat.  Lane's 
law,  357. 

OAVsa,  computes  ttte  orbit  of  Ceres,  S02; 
determination  ot  the  elements  ot  au 
orbit,  SIO;  peculiar  form  of  acbroma- 
tic  object-gbtss,  41. 

Oat  Lussac,  law  ot  gaseous  expansion, 

Qeooentria   latitude,   166;   place    ot   a 

heavenly  body.  Oil. 
G«odetic  delermioBtion  of   the   earth's 

dimenaiona,  J47,  M!». 
QennlB  of  the  solar  system,  003-915;  ol 

SIsr  Flusters  and  uebulie,  !)24. 
Qeorginm  aidns,  the  original  name  tor 

Uranus,  646. 
QIT.L,  solar  parallax  from  obaervatlons 

ot  Mara,  676;  stellar  parallaxes.  8DS. 

Appendix.  I'able  IV. 
eioba,  celestial,  rectification  of,  33,  nole. 
Snomon.  determination  ot  latitude  with 

it.  107 ;  determination  of  the  obliquity 

ot  the  ecliptic.  176. 
Golden  number,  tbe.  218. 
Gradnal  changes  in  the  light  ot  the  stars, 

83<l. 
Gmdnatlon  errors  ot  a  circle,  69. 
Orating  diffraction.  311,  nole. 
Oravitation.  electro-dynamic,  theory  ot, 

602;  tawstated,161;  nature unknowD, 

161;  taw  extending  to  the  stars,  872. 

note,  873,  901,  note;  Newton's  verifl- 

catioD  of  the  law  by  means  of  the 

moon's  motion,  410.  430. 
SraTitatiooal    astronomy    defined,    2; 

methodEi  of  determining  the  solar  par- 
alias,  087-689. 
Gravity,  increase  of.  below  the  earth's 

surface,  169;   variation  of,   between 

equator  and  pole,  152.' 
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Qkhooriak  calendv,  tbe,  and  lis  adop- 
tion Id  Eaglaad,  S2D,  221 ;  telesoope,  48. 

Qronpi,  cometar;,  106;  of  Stan  h&viog 
common  motion,  803. 

Orowth  of  the  earth  by  metaotio  matter. 


,  Foncaolt'a  proof  of  earth's 
1, 142;  Illustrating  tbe  precea- 
«lon  of  the  eqolnoiea,  210,  211. 


Hali.,  a.,  discovery  ol  tbe  satellites  of 
Hars,  S90;  oq  the  quesdon  whether  it 
is  certain  that  graritaUoQ  extends 
throngh  the  stellar  universe,  901.  note. 

Hallbt,  his  comet,  T42;  his  computation 
of  cometary  orbits,  TOO;  his  method 
of  detonnlnlng  the  bud's  parallax,  ffT9, 
680;  tbe  idood's  secular  acceleration, 
UO;  proper  motions  of  stars,  800. 

Hakbbn,  correction  of  the  Holar  parallax, 
(iOT;  opinion  □□  the  form  of  tliemoon, 
2SS. 

Hakdino  discovers  Juno,  0H3, 

Hakkkess,  obHervations  on  the  light  of 
in  of  the  cor- 


iw,  Kepler's,  *ia-*lT. 
Hvton  colliery,  density  of  tbe  earth,  169. 
Harvard  photometry,  tbe,  82T,  828. 
Harveit  and  banter's  moons  explained. 

Heat  and  light  of  meteors  explained,  TAD ; 
of  tbe  moon,  260;  ot  the  sun,  »S8-,1&a; 
received  by  tbe  earth  from  meteon, 
SGS,  TT9;  from  the  bIats,  834. 

Height  of  lanar  mounlaina,  770. 

Haia,  enumeration  of  naked-eye  stars,  818. 

HsIiMieatria  place  of  a  planet,  S12. 

Hellotneter,  tbe,  GTT ;  UHed  in  determin- 
ing solar  parallax,  670,683;  used  in 
determining  stellar  parallax,  811,  HlC. 
>r  solar  eye-pieces,  286, 287. 
ently  identified  gw  In  the 
solar  chromosphere,  3W. 

HiLMHOt-TZ,  contraction  theory  of  eolar 
heat,  3E6. 

HlKCKB,  discovers  AstrKa,  the  fifth  asle- 
rold.  DSe. 

Hkhdebsoh,  measures  the  parallax  ol 
B  Centaurl,  SO!),  810. 

HcNKT  Bkothbrs,  BatronomlcAl  pho- 
tORraphy,  272,  798. 

Hrnbv,  Prof.  J.,  heat  of  sun  spots,  310 ; 
atsnii'sllmb,  318. 


Hkhhchkl,  Sis  W.,  discovery  of  the  snn'i 
motion  In  space,  SIM ;  discovery  of  two 
satellites  of  Satom,  M3;  discovery  of 
Uranus,  643;  discovery  of  two  satel- 
lites of  Uranus,  690 ;  star-gauges,  899 ; 
theory  of  sun  spots,  302 ;  Ills  reflect- 
ing telescope,  48. 

Hbvbuus,  his  view  of  cometary  orbits, 
700. 

HlrvABCHUs,  discovers  ecoeutricity  of 
earth's  orbit,  184 ;  discovers  precession; 
20G;  his  value  of  the  solar  parallax, 
671 ;  the  first  star-catalogue,  79!>. 

HoLDEH,  £.  S.,  on  changes  in  nebuln, 
892. 

Hoiiioil,  a[q>arent  enlargement  of  bodies 
near  it,  i,  note,  88,  93;  artificial,  78; 
rational  and  apparent  defined.  10; 
dip  of,  81 ;  visible,  dcGned,  II. 

Horiiontsl  parallax,  83, 84 ;  point  of  the 
meridian  circle,  6T. 

Honz-angls  defined,  24. 

HonT-drcle  defined,  IS. 

HunniHS,  Sia  W.,  attempts  to  photogisidi 
the  corona  without  an  eclipee,  'J^; 
attempted  observation  of  stellar  bent, 
observations  ot  stellar  spectra, 
photography  ot  stellar  spectra, 
spectruBcoplc  observations  of  T 
corous9,  844;  star-motions  In  line  ol 
sight.  802;  spectrum  of  nebulie,  890. 

Humboldt,  A.  von,  classification  of  the 
planets,  S49. 

Hunt,  Stb&by,  carbonic  acid  brooght  lo 
earth  by  comets,  T39. 

HuToRKNS,  diHcovery  of  Saturn's  rings, 
63T;  discovery  ot  Saturn's  satellite. 
Titan, G43;  invention  of  the  pendulum 
clofk,  GO;  bis  long  telescope,  40. 

Hydrogen  In  tbe  solar  chromosphere  and 
prominences,  323-32B ;  bright  lines  ol 
llaiqiectrumlnthe  nebnln,S90;  bright 
llnea  ol  its  spectrum  in  temporary 
stars,  844;  bright  lines  of  lis  spectmm 
in  variable  stars,  SST. 

Hypsrhola,  the,  described  as  a  conic, 
422. 

Hn>*rbolie  comets.  70S. 

Hypsrton,  tbe  seventh  and  last  discovered 
satellite  of  Saturn.  643.  644. 

^pothetU,  nebular.  See  VebnUi  hy- 
pothesis. 


lapetna,  the  outermost  satellite  of  Sat- 
Ibn  Jounib,  use  of  pendulum  In  observa- 
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Im,  unoQnt  melted  by  solar  nidlktlon, 


ft  lan&i  eclipse,  3r6. 
Imkga,  telescopic,  condltJong 


418. 

Inferior  planet,  motion  of,  49B--S. 

Inlilllty,  veloclt;  (ram,  •2!!2fi,  129,  436, 
1008-9. 

InilneiuxHi  of  the  moon  on  the  earth,  262. 

Intra-KenniriaJ  plaDets,  602-603 ;  plan- 
ets, supposed  obBervadonB  ol,  during 
solar  ecllpee,  60B. 

Interior  of  the  earth.  Its  conatltntlon,  ITl . 

InTUiftltle  plane  o  t  the  solar  system,  5.11. 

InTarlablllty  ol  the  earth's  rotation,  144. 

lo,  the  first  satellite  of  Jupiter,  621. 

Iron  meteorites,  TBS;  In  the  sun,  316. 

IrradiatiOB  In  mlcrODietrlc  measares, 
266,534. 


jAHBsni,  discoTery  of  the  spectroacopto 
method  o(  obserring  the  solar  praml- 
nences,  323j  solar  photography,  289. 

JoLLT,  obeervatlons  of  the  earth's  den- 

'      siCy,  ITO. 

Jnliut  calendar,  219. 

Timo,  discovered  by  Harding,  593. 

Jspltn,  the  planet,  609-631 ;  brlghtnesa 
as  seen  from  o  Centaari,  881 ;  a  seml- 
snn,S19;  hie  comet-family,  739. 


Kamt,  proposes  the  nebnlar  hypotheds, 
90B. 

KiLviH,  LoKD,  see  Thomson,  Sir  W. 

Kkflkk,  his  belief  as  to  cometary  orbits, 
TOO ;  bis  three  laws  of  planetary  mo- 
tion,412-418;  bia"pToblem,"188;  bis 
"regnlat  solid"  theory  of  the  planet- 
ary distances,  692,  note. 

KiBCBHorr,  bis  fondamental  princdple* 
m  analysis,  314. 


LutQLBT,  B.  P.,  Ms  Bolometer,  343;  the 
color  of  the  sun,  33T ;  obserratlona  on 
Innar  heat, 2tiO,  261;  on  solar  heat,  34B; 
sun-spot  drawings,  292;  ligbt  of  snn 
■pots,  293 ;  heat  of  sun  Spota,  301<. 

Laj(b's  lav,  rise  of  temperature  conse- 
quent on  the  contraction  of  a  gaseons 
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La  PI.ACB,  hli  eqaatlons  telaUng  to  tha 
eccentricitlea  and  lncUna(J<as  (rf  the 
planetary  orbits,  033;  ezpUnatloD  ol 
the  moon's  secular  Kcceletatlon,  409, 
460;  the  invariable  plane  of  the  solar 
system,  531;  the  nebnlM'  hypothesis, 
901-911. 

T.iMT.ij  dlscoTsry  of  the  two  Inner  sat- 
ellites of  Uranus,  660;  Independent 
dlscoTerj  of  Hyperion,  S43. 

Latitude  (astronomical)  of  a  place  on  the 
earth's  surface,  80, 100, 1S6 ;  astrODom- 
ical,  geodetic,  and  geocentrlo,  dis- 
tinguished, 166;  determination  of, 
methods  used.  101-107 ;  at  sea.  Its  de- 
termination, 103;  poBsible  variationa 
of  it,  106;  station  errors,  158;  celes- 
tial, defined,  ITS,  179;  and  loni^tade 
(oeleetial),  conversion  into  a  and  t, 
180;  motion  of  planets  In,  496. 

LftW  of  angular  velocity  under  central 
force,  408;  Bode's,  488,  489;  of  Boyle 
or  Maiiotte,  density  of  a  gas,  360,  note ; 
of  Dalton,  mixture  of  gases,  360,  nole ; 
of  earth's  orbital  motion,  186,  187;  of 
equal  areas.  186,  402-406,  412;  of  Gay 
Lussac,  gaseous  expansion.  360,  note  ; 
at  gravitation,  161,  162,  419,  872; 
Lane's,  of  temperature  in  gaseous  con- 
traction, 357;  of  linear  velocity  in 
angular  motion,  40T. 

lAwaof  Kepler,  1^-1  V3;  motion  undera 
central  force,  400-411. 

Laap  year,  mle  for,  220. 

Length,  of  the  day,  possible  changes  In  It, 
144 ;  of  the  year,  ila  Invariability,  B26, 
778. 

Lwmldt,  the,  780,  786. 

LnacARBAOLT,  sapposed  dlsoovery  of 
Vulcan,  603. 

Laral  adjustment  of  the  transit  Instru- 

Lbvbrkikk,  discovery  of  Neptune,  653, 
654 ;  on  an  IntTa-Merourial  planet,  603 ; 
moUon  of  the  perihelion  of  Mercnry'a 
orbit,  602;  method  of  determining  the 
solar  parallax  by  planetary  pertorba- 
tlons,  689. 

LaXBLL's  comet,  approach  to  Jupiter, 
718;  recognition  of  Uranus  as  a 
planet,  616. 

libratlou  of  the  moon,  249,  360,  201. 

Light  of  comets,  7SS;  of  the  moon,  269; 
emitted  by  certain  stars,  830 ;  received 
by  the  earth  from  cerUin  start,  832; 
of  the  sun,  332-337;  total,  of  the  stars, 
833;  equaUou  of.  from  Jupiter's  satel- 
lites, 628-630;  mechanical  equivalent 


D.gitizect.yG00glc 


(All  rBfer. 


inleM  eipreuly  atated  to 


nntrary,  are  to  arfisln,  ■ 


"■1 


of,  ThntnseD,  771! ;  time  ocoiipieii  by, 
In  coming  from  the  sun,  Tio,  029;  ve- 
locity of,  2-^,  nott,  tV»,  690. 

Llght-«nrTM  at  varinblfl  NtHrs,  S4R. 

L^lt-Kfttlmliig  power  of  (eleacnpeB,  3K. 

Light'iatio,  the,  la  scale  of  Hlar-inagui- 
tudes.  H19. 

Light-yeBT,  the,  the  unit  of  sl«llar  dis- 
tance, 814. 

Limb  □(  the  BUD,  daikeoing  of,  S.'iTi  of 
tlie  ann.  diminution  of  heat.  34H, 

LlnltinKapertnresiD  stellar  photometry, 
825. 

Linear  and  an^fular  diniensiona,  their  re- 
lation,5;  velocity  nn (lor  central  force, 
its  Uw,  107,  4011. 

Llim£,  lunar  ernCer  snpposed  to  have 
cliaiii^eii,  3r>9. 

LlSTiKQ,  dimenaione  of  the  earth,  145. 

Lo<ml  and  stniidard  time,  122. 

LooKYKR,  Sir  J.  N.,  discovery  of  apec- 
troBPopic  method  of  observing  the 
solar  prominences.  32;i;  his  "cnlllsiun 
theory  "  of  variable  stars,  8B0;  views 
as  to  the  compound  nature  of  the  so- 
called  chemical  "elements."  :i1K; 
origin  of  the  Frunnhofer  lines,  720; 
theory  of  aun  spots,  :jO(i;  oxeteoric 
theory  of  nobul»,  HU4;    meteoric  hy- 

l.oEWT,  peculiar  method  of  determining 
the  refraction,  95. 

Longitude,  arcs  of,  to  dotcrmlne  the 
earth's  dimensions,  I.'il;  (terrestrial), 
determination  of,  llM-121:  (celestial), 
ITH-IKO;  of  perihelion,  006,  500. 

Luminosity  of  bodies  at  low  tempera- 
tiirea,  737,  note. 

Lunar  distances,  120,  B;  eclipses,  .370- 
:tTH;  iDtluencGa  on  Che  earth,  2<12; 
methods  of  determining;  the  longitude, 
120;  perturbatioiiH. 44)4-101;  perturba- 
tions UHed  to  determine  the  solar  par- 
allHJt,  687. 

Lyra,  «,  see  Tega ;  S,  variable  star,  8*7 ; 
•,  quadruple  star,  053,  80G,  882. 


Madlrr,   speculations  as  to  a  central 

sun,  ft07,  no:!. 
Hagnilying  power  of  a  telescope,  .IT; 

imwer,  highest  available,  4;t. 
Magnitudes  of  stara,  Hl()-><22, 
■agnitude  of  smallest  star  visible  in  a 

given  telescope,  82a. 
Magnesium  in  the  ncbulce,  81)0.  894. 
MaintsnauM  of  the  solar  heat,  353-3Sr>. 


if  the  solar 


Mars,  the  planet,  578-591 ;  ot>sefTed  for 
solar  parallax,  673-4577. 

Mabkklvkr,  his  mountain  method  of 
determining  the  earth's  density.  i6i. 

Mau  and  weij^ht,  distinction  between 
them,  159,  160;  of  cornels,  7iN,  719; 
of  the  earth  compared  with  the  sun. 
278;  ol  the  earlh  in  terms  of  the 
Buu  as  determining  the  solar  parallax. 
089;  of  the  moon,  lis  determination, 
243;  of  a  planet,  how  determined,  5.%- 
539;  of  the  sun,  compared  with  the 
earth, 278;  probable, of sbootlngslsn, 
T76, 

Hatses  of  binary  stai 

MAvEjt,  R.,  meteoric 
heat,  Va. 

Maxwrll,  Clrrk,  meteoric  theory  of 
.Saturn's  rings.  Ml. 

Maiapil,  tlie  iiieteorile  of,  7S4. 

Msohanloal  equivalent  of  liKht,  TSCi. 

Mgnpenhall,  T.  C.,  pendulum  for  grav- 
ity determinations,  l.'!^*. 

Mercury,  the  planet,  551-502 ;  motion  of 
its  perihelion,  602. 

Meridian,  the  celesdal,  defined,  10;  are 
of.  how  meaRnre<l,  147. 

Kerldian-eirols,  the,  O.t;  nsed  to  deter- 
mine the  place  of  a  heavenly  body, 
128. 

Meridian  photometer,  tlie.  FI2S. 

Msteorsand  shooting  stars,  755-7RT :  ashes 
of,  775;  and  comets,  their  connection. 
785-787 ;  dally  nnmberor,771 :  del^at- 
ioK,  7(>S;  effect  on  the  earth's  orbital 
■notion,  778;  effect  upon  the  mom's 
motion,  TT8;  effect  upon  the  trans- 
parency of  space.  770;  eicplanation 
of  their  light  and  heat,  7<i5;  heat 
from  them,  35ii,  779;  magnitude  of. 
762;  method  of  observing  them,  TM; 
their  trains,  766. 

Meteoric  growth  of  the  earth,  777 ;  show- 
ers, 780-780;  shower  of  the  Blelids, 
1N73, 188(i,  T46 ;  shower  of  the  I«oaid8, 
\Ka,  1866-67,  781 ;  swarms  and  rings, 
7K<;  swarms,  special  characteristics, 
7S3;  theory  of  Saturn's  rings,  641; 
theory  of  the  sun's  heat,  353-355; 
theory  of  sun  spots.  306. 

Meteorite!,  or  uranoliths,  or  aerolites, 
7S.V-T69;  chemical  elements  in  tbem, 
760;  crust,  701;  fall  of,  7.16;  which 
have  fallen  in  the  United  Stales.  T59; 
iron,  list  of,  768;  nnmberot,76Q;  qnes- 
tlim  of  their  origin,  767;  their  paths, 
763. 

Metonio  cycle,  the,  218. 
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HicHBLSOM,  detenniDatloa  of  the  reloc- 
(ty  ol  light,  226,  note,  6fi8, 690. 

maromstar,  the  filar,  73, 031,  seT. 

lUcroBaope,  the  reading,  64. 

Udnight  ann,  the,  191. 

llUky  Way,  or  galaxy,  898. 

*""■»■)  the  iDnetmoBt  satellite  of  Satimi, 
643  and  note. 

Knor  planeta,  or  asteroids,  692-1301. 

Wrk,  OmlctOD  Cetl,  846. 

IQsalnff  Btan,  840. 

ItoliAnunsdan  calendar,  217. 

KOnoaantTlo  eye-piece  fur  teleacope,  4S. 

Moon,  the,  22T-2T2;  her  atmosphere,  266- 
208;  the,  regarded  as  a  doch,  120; 
disMnce  of,  ate.,  240;  her  heat  aod 
temperature,  260,  261;  her  light  aa 
oompai«d  with  suiilight,  2G9;  influ- 
enoes  on  the  earth,  2^2;  mass  of,  de- 
termined. 243,  ^4;  her  motton  (ap- 
parent), 228;  her  taotlon  relative  to 
the  ann,  241;  hermountains,  measure- 
ment of  their  elevation,  2T0;  her  orbit 
with  refereoce  to  the  earth,  238;  her 
parallax  determined,  239;  pertnrba- 
tlons,  44S-4(il;  her  rotation  and  libra- 
tlona,  24S-!2B1;  her  phaeea,  263;  her 
■nrface  character,  263-270;  cnlmlna- 
tfonB  for  loDj^tude.  120,  A;  photo- 
graphs, Z7S ;  heat  during  an  eclipse, 
311 ;  time  of  rising  or  setting,  131. 

Konth,  the  anomalistic,  397,  nofe;  the 
nodical,  397,  note ;  the  sidereal,  229, 
232;  the  synodic.  22!),  232;  length  of, 
Increased  by  perturbation,  4C3;  slight- 
ly shortened  liy  the  secular  accelera- 
tion, 4C9. 

Kotlim,  direct  and  retrograde,  of  the 
idanets,  4M;  of  the  solar  system  In 
spMie,  8IM--S07;  In  line  of  sight,  effect 
on  speotruiD,  3S1 ;  of  stars  in  line  of 
sight,  spectrosooplcally  observed,  802. 

Kirttoiw,  proper,  of  the  stars,  800-803. 

■onntaiui,  lunar,  their  height,  270. 

MovaXain.  method  of  determining  the 
earth's  density,  lOL 

Knlt^U  stars.  882. 

■ml  dnde,  the,  m 
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HadlT,  the,  defliwd,  9;  point  of  mertdlan 
circle,  B!. 

■unea  of  the  constellations,  792 ;  of  Jup- 
iter's satellites,  821;  of  satellites  of 
Hara,  690;  of  the  planets,  487,  489; 
<rfBatnm'sMtelIItee,64S,nof«,-  of  the 
Mtemtce  of  nnnns,  660;  of  stars,  TOL 


Neap  tide  defined,  ¥S. 

Nsbnla.  the  great.  In  Andromeda,  886; 
the  annular,  in  Lyra,  888;  of  Orion, 
the,  886,  8<J2, 893. 

5«buln,  the,  886-897;  changes  In,  893; 
their  distance,  SOG;  Lockyer'smeteorie 
theory,  891;  their  nature,  891;  their 
Dombei  and  distribution,  895;  photo- 
graphs of,  893;  planetary.  888;  spiral, 
888;  their  spectra,  and  chemical  ele- 
ments in  them,  890,801. 

KabDlar  hypothesis,  the,  90S-niS;  modi- 
fications of  the  ori^ual  theory,  912, 
9ia 

VegatlT*  eye-pieces  for  the  telescope,  44; 
shadow  of  the  moon,  3S1;  star  magni- 
tudes, 821. 

lleptima,tlie  planet,  <i63-<iG1;  anomalous 
retrograilo  rotation.  In  relation  to  the 
nebular  hypothesis,  911;  appearance 
of  sun  and  solar  system  from  it,  058; 
(actual)  discovery  by  Galle.eol;  theo- 
retical discovery  by  Leverrler  and 
Adams,  6G3,  CM;  Its  discovery  "do 
accident, "€fiG;  thecomputedelemeuts 
erroneous.  ti55;  its  satellite,  (iUl ;  spec- 
trum of,  6G0. 

Nbwcomb,  9.,  couclustons  as  to  sun's  age 
and  duration,  3&3,3!)9;  observations  on 
meteors,  770;  on  the  moon's  secular 
acceleration,  461;  on  ttie  structure  of 
the  heavens,  900;  bis  value  of  the  so- 
lar parallai,  CliT;  velocity  of  light, 
226,  note.  068,  090. 

Nbwton,  Prof.  H.  A.,  daily  number  of 
Rieteora,7TI;  Investigation  of  meteorlo 
orbits,  ir>7,T85;  theory  of  the  consti- 
tution of  a  comet,  T37. 

Newtos,  8ik  Ibaau,  discovery  of  gravi- 
tation. IGl,  419;  veriflcation  of  the 
Idea  of  gravitation  by  means  of  tlie 
moon's  motion,  419,  420;  discovery 
that  planetary  orbits  must  be  conies, 
421 ;  computation  of  a  cometary  orbit, 
700;  his  reflecting  telescope,  48. 

mtrogen,  suspected  In  the  nebnles,  890. 

Hode  of  an  orbit  defined,  233,  BOB. 

nodes  of  moon's  orbit,  their  regression, 
4S6;  of  the  planetary  orbits,  their  nu> 
tlon,  B27. 

Vodleal  month,  the,  349,  S9T.  tiote. 

H'oBDBNBKioLD,  metoorio  a^ee,  T7S. 

irtMleOB  of  a  comet,  713, 716. 

ITnmbsr  of  eclipses  in  a  year,  391 ;  In  s 
saroB,  398 ;  of  meteors  and  meteorites, 
769,769,771;  and  designation  ofvait- 
al.lo  Btnrs,  R62. 

Hntatloa  of  the  euth's  axis.  Zll,  SIE. 
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Obwon,  the  onter  aatelllu  of  UrannB,  6CI0. 

Objaot-glua,  •chromatic,  41 ;  realdual  or 
■econdary  Bpectmm  of,  12;  designed 
tor  photograpb;,  42. 

OblatraMi,  or  elUptidt;  of  a  Bpherotd,  ISO. 

Obliqn*  sphere,  the,  33. 

Obliquit;  of  the  ecliptic  deflaed  and 
meaanred,  1T6;  of  the  ecliptic,  necnlac 
change  of,  19T. 

Ooenltation,  circle  ot  perpetual,  33;  of 
Stan,  389;  ot  stun  nsed  for  longitude 
determination,  130C;  of  Btars  proving 
absence  of  lanar  atmosphere,  256. 

Olbbbs,  discovers  Pallas  and  Vesta,  693, 

Olkstbd,  D.,hl3  TesearcheBou  meteors, 
785. 

Oppolzkb,  T.,  effect  ot  meteors  on  the 
moon's  motion,  TT8;  orliit  of  Tempel's 
Comet,  786;  motion  ot  Winnerke's 
Comet,  711 ;  canon  ot  eclipses,  390. 

Orbit  ot  the  earth.  Its  form  determined, 
102;  ot  the  earth,  effect  of  meteors 
npon  ft,  T7H;  of  the  earth,  perturba- 
tions, 197;  of  the  moon,  236;  of  the 
moon,  its  perturbations,  44S-461;  of  a 
planet,  determined  graphically,  428, 
431,  432;  planetsr;.  Its  elemenls,  BOB- 
HW;  planetary,  its  elements,  determi- 
nation of,  G19. 

Orbits  ot  binary  stars,  873;  of  comets, 
700-70!)!  of  planets,  diagram,  480;  of 
gun  and  stars  in  tbe  stellar  system,  S04. 

Origin  of  comets,  73S-T41;  of  meteorites 
or  aerolites,  TG7. 

Orthogonal  component  ot  the  disturbing 
force,  445, 4GS. 


Farabola,  tbe,  described  as  a  conic,  422, 
423. 

ParaboUo  comets,  their  nnmbei,  702;  ve- 
locity, the,  428, 

fkrallftx  (dl  unial) ,  defined  and  discnsaed , 
82,  83;  of  tbe  moon,  determined,  239; 
of  the  sun,  claswBcBtion  ot  methods, 
669;  of  the  sun.  gravitatinnat  methods, 
687-689;  ot  tbe  sun,  history  of  inves- 
tigations, 666-668;  ot  the  snn,  method 
of  Aristarchus,  C70;  of  the  sun,  meth- 
od of  Hipparcbns,  671:  of  the  sun  by 
observations  on  Mara,  (>73,  n76;  of  the 
mm  by  transits  ot  Venns,  678, 686;  of 
the  son  by  the  velocity  ot  Hgbt,  600- 
603;    of  the  sun,  Ptolemy's   valoe, 


STl ;  ot  the  sUrs  (annnal) ,  806-814;  ot 
n  Centanrl,  Henderson,  809,  810;  ot 
61  Cygni,  Bessel,  809-811;  of  a  Lyra, 
negative.  Pond,  800;  stellar,  absolute 
method, 810;  stellar,  difteretitlal  meth- 
od, 811;  stellar,  table  of.  Appendix, 
Table  IV. 

Pinllaotic  Inequality  of  the  moon,  687; 
orbit  of  a  star,  80S. 

Parallel  sphere,  the,  32. 

PixaUala  of  declination,  23. 

Fkibcb,  B,,  heat  from  meteors,  3iB};  on 
the  mass  of  comets,  119;  theory  ot 
sun  spots,  306. 

Pendulum,  compensation,  01;  use  in 
clo<:ks,  SO;  naed  In  determining  form 
of  the  earth,  lC2-1Mi;  f ree.  of  Foncanlt, 
showing  earth's  rotation,  139-141. 

Pennmbra  of  the  earth's  shadow,  368; 
ot  tbe  moon's  shadow,  383;  of  a  sac 


Period,  sidereal  and  synodic,  ot  the  moon, 
229-232;  sidereal  and  synodic,  ot  a 
planet,  defined,  490;  sidereal,  ot  a 
planet,  determined,  613,  614. 

Tariodia  comets,  703,  701,  738-740;  tablo 
of  comets  of  short  period.  Appendix, 
Table  lU. 

Pariodiolty  of  sun  spote,  307-309. 

P«rsel,fl,  or  Algol,  848. 

Feraeids,  the,  meteoric  swann,  780,  7^ 
783. 

Teraonal  cquaUon,  114.  ISO  A,  121 S. 

Pertorbfttloiis,  lunar,  448-161 ;  planetary. 
621-623;  of  Mars  and  Venus  by  the 
earth  as  determining  the  snn's  par- 
allax. 6S9. 

Petbrs,  C.  H.  F.,  discovers  fifty-two 
asteroids,  603. 

PiAzzi,  discovery  of  Ceres,  D9Z. 

PicABD,  measure  of  the  earth,  136,  419. 

PicKBBiNO,  E.  C,  his  meridian  photome- 
ter, 828;  photography  of  stellar  spec- 
tra, 860, 862;  photometric  observations 
of  the  eclipses  ot  Jupiter's  satellites, 
630;  the  Harvard  photometry,  827. 

PhUM  of  Mercury,  Venns,  and  Uais, 
069,  067,  S82;  ot  the  moon,  263. 

FhoboB,  the  Inner  satellite  ot  Mars,  689. 

Fhotographa  of  the  moon.  272;  of  the 
nebulrn,  893;  ot  tbe  solar  eorona,  328; 
of  On  Bim'i  snrtaoe  and  spots,  28a 


D.gitizecti'/GoO'^lc 


[All  Tcfenncea,  nnleM  eiprenl j  lUted  to  t. 

PhotOKraphla  object-glasBes,  42;  obsei- 
vationB  of  ecllpees  ol  Jupiter's  saMl- 
lites,  fiSO,  KDil  note;  obBorraUoiiB  of 
transit  ol  Veons,  6S4-6S6. 

Fluttognphy  as  a  means  of  pliotometry, 
S29:  solar,  289;  spectroscopic,  motion 
In  line  of  sight,  B02;  applied  to  star- 
charting,  W;  in  determination  of  stel- 
lar parallax,  812;  of  stellar  spectra, 
869-863;  lunar,  2T2. 

Fhotmuster,  the  meridian,  823 ;  polarlzB' 
tion,  827 ;  the  wedge,  »2H. 

Fhotometr;,  Harrard,  the,  827,  828;  by 
means  ot  pbotognipby,  829;  by  the 
spectroscope,  831;  of  sunlight,  332- 
33B;  stellar,  8^.23-831. 

Fhotoaphers  of  the  sun,  its  nature,  391, 
292,361. 

PhDt»-tadiymetrieal  determination  o( 
the  san's  parallax.  68(H»2. 

FhysUal  characteristics  of  cnmets,  TIS; 
method  ot  determining  sun's  parallax, 
690-602. 

Flanet,  intro-Mercurial,  602^406;  trans- 

Tlanets  attending  certain  stars,  880, 881 ; 
distances  and  periods,  439;  enumer- 
ated, 48G,  487 :  relative  age,  according 
to  nebu1arhypothesi8,913.Bie:  orbits, 
diagram  ot,  48!l;  orbits,  elements  of, 
GOn,  SIO;  motions,  apparent,  494-9. 

PlanstAid.    See  Asteroid,  591 . 

FULetai;  data,  tables  ot,  Appendix, 
Table  I. :  data,  acruracy  of,  6Ki ;  neb- 
ulie,  KH8 ;  system,  tacts  suggesting  the 
theory  of  Its  origin,  90T;  system.  Sir 
J.Herschel's  illustratiou  of  its  diiuen- 
sions,  (i&l. 

PleiadM,  the,  884. 

FoDSOH,  the  absolute  scale  ot  Btar>magni- 
tudes,  819. 

Pole  ot  the  earth,  38;  (pelestiat),  defined, 
14;  Its  altitude  equal  to  the  latitude, 
30,  100;  its  place  af7e<'leil  by  preces- 
sion, 206,  207. 

Pole-star,  ancient.  <•  Drawnis,  207 ;  it» 
position  and  recognition,  ].'>, 

Polar  distance,  defined,  £1;  point  of  me- 
ridian inrcle,  66. 

Potltlon-aDKle  nt  n  doable  star,  868. 

Poiltion  of  a  heavenly  body,  how  deter- 
mined. 128,  12». 

Poiitivt  eye-pieces  tor  telescopes,  44. 

FouiLLBT,  his  pyrheliometer,  :140. 

Power,  ningtilfylng.  ol  telescope.  37. 

FoTKTiKO,  determination  o(  the  earth's 
density,  170. 

Fraetical  astronomy  defined.  2, 


L,  li2,  106. 

Friming  and  lagging  of  the  tides,  470. 
FniTCHARit,  Prof.  C,  determination  of 

stellar  parallax  by  means  of  photog- 
raphy, 812;   stellar  photometry,  826; 

Uranometrla  Oxoniensis.  826. 
Peitchktt,  C.  W.,  discovery  of  the  great 

red  spot  on  Jnplter,  618, 
Problem  ot  three  bodies,  437-461 ;  of  two 

bodies,  424-43.1, 
Froblems  illustrating  Kepler's  third  law, 

41.t, 
Phoctoe.  R.  a.,  on  the  origin  ot  comets, 

741;    determination    at   the   rotation 

period  of  Mars.  nsi. 
FroJMtllei.  deviation  caused  by  earth's 

rotation,  143 ;  thelrpathneartheearth, 

4.15. 
FrojeotUa  torue,  careless  use  ot  the  term, 

Plominsnoet.  or  protuberancoa.  the  so- 
lar, 291,  323-326.  363;  quiescent  and 
eruptive,  33S,  326, 

Proper  motions  of  the  stars,  800,  803. 

Proximity  of  a  star.  Indications  of  it,  813. 

Ptolemaic  system,  tits,  .'iOO,  S02, 

Ptolemy,  his  almafrest,  .WO,  700,  795. 

Pyrheliomater  of  Pouillet,  310. 


ftnantit;  of  the  solar  radiation  In  calo- 
ries, 3.tH-340;  of  sunlight  in  candle 
power.  332,  .133. 

(tlllsaosilt  prominences,  32S. 


Badlal    component   of    the    distnrbing 

force,  440 ;  veloi-ity,  S02,  802». 
Sadian,  the,  deHneil  as  angular  unit.  R, 

Badiant,  the,  in  meteoric  showers,  780, 
Sadlns  of  curvature  of  a  meridian,  149, 
R:VNTARD,  peculiar  theory  of  the  repul- 
sive force  operative  in  comets'  tail.s, 
■iXi. 
Bate  of  a  clock  defined,  la. 
Beading  nilcroRco]>e.  the,  64. 
KeeognttlDa  ot  elliptic  comets,  difficul- 
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[\a  nttitotet,  DDitu  eipreuly  itated  to  t 

BetTMtioii,  atmospheric,  Ita  law,  89, 00; 
determination  of  its  anioimt,  in,  115; 
effect  ol  temperature  and  barometric 
presaate,  91 ;  effect  upon  form  and  size 
ot  discs  ol  sun  anil  moon  near  the  hori- 
zoD,93;  e&ect  upon  time  ot  sunrise 
and  sunset,  92. 

EcfnctillK  telescope  (simple),  3G;  tele- 
scope, achromatic,  41. 

Satractor*  and  reflectors  compared,  iO. 

BsiCH,  determination  ot  the  density  ot 
the  earth,  ICti;  experiments  upon  tail- 
ing bodies,  I'M. 

Btl&tivB  motion,  law  ot,  i'.<2;  sizes  ot  the 
planets,  diagram,  050. 

EftpnlsiY*  torco  acting  on  comets,  738, 
731,  732,  731. 

B«tftrdatlon  of  earth's  rotation  by  the 
tides,  401,  iS3. 

Seticla  used  in  telescope  for  pointing,  Vi. 

BetTogfTftde  revolntion  ot  the  sBtollllcs 
ot  Vratiuaand  Neptune,  (iil:;,  Wl,  1)H. 

Sareriinj;  lajer  ot  the  solar  almospliere, 
2iJi,3ifi,  ;t20,  as. 

BevsTial  of  the  spectram.  314. 

Bhaa,  the  fifth  satellite  of  Saturn,  Gi\ 

Blgiditf  ot  the  earth,  171,  482. 

Bight  ascension  defl tied.  S5, 27;  ascension 
determined  by  tr^sit  instrument,  Q'.l, 
128, 1-N ;  sphere,  tlie,  31, 

Bln^  of  Saturn,  C37-IJ42. 

RoasB,  LoEU,  observations  of  lunar  heat, 
2»50,  261,  ,177  ;  his  great  telescope,  48; 
spirul  nebulo],  8H8. 

Rotation,  distinguished  from  revolution, 
StS,  '.MS*;  of  the  earth,  affected  by  tlie 
tides,  4111,483;  of  the  earth,  proofs  ot, 
138-143;  ot  phinets,  how  determined, 
B43j  period  ot  Jupiter,  (115;  ]>fri(id  ot 
Mars,  5W ;  period  of  the  moon,  248, 2B2 ; 
period  of  Saturn,  C35;  ottho  sun,  381, 
283;  period  ot  Venus,  870;  periods,  see 
also  Appendix,  Table  L 


SsTM.  the,  395-398;  number  ot  eclipses  in 
a  saroSi  3!>8. 

Skl«dlltes  of  Jupiter,  621-631;  of  Mars, 
690,  BHl;  ot  Keptuue,  mi;  of  Satum, 
643,  044;  of  Uranus,  UoCHaS;  general 
table  of,  Appendii,  Table  II. 

Satellite  orbits',  generally  circular,  MK. 

Saturn,  the  planet.  al9-(it4. 

S«hehallimi,  determination  ot  the  eanli's 
mass,  164. 


GODtnry,  »n  to  article,  sod  not  (o  jfo^wt.} 

ScuiAPjUtKLU,  connection  between  com- 
ets and  meteors,  786;  bis  mapct  Hars, 
588. 

acHRciTBK,  Che  rotation  ot  Mercury,  669; 
the  rotation  ot  Venus.  S70. 

ScHWADB,  discovery  ot  the  periodicity  of 
Hiin  spots,  307. 

Solntmation  at  the  stars.  864. 

Saa,  ship's  place  at,  103, 120  B,  121  A,  124- 
12fi. 

SeasoiiB,  the,  explained,  190,  192,  133; 
diSeretice  between  northern  and 
southern  hemispheres,  liM,  196. 

SaccHi,  theories  of  inn  spots,  303,  30S; 
observations  on  stellar  spectra,  SSG, 
857. 

Sbidei,,  his  photometer,  827. 

Secular  acceleration  of  the  moon's  mean 
motion,  4GO-4G1 ;  changes  in  the  earth's 
orbit,  196-200;  perturbations  in  the 
planetary  system,  52G-G29. 

Semi-diametar,  augmentntion  of  the 
moon's,  88;  correction  tor.  In  sext^ut 
obser\-atLoui),  88. 

Semi-major  axis  ot  a  planet's  orbit,  de- 
fined and  discussed,  005,  SOO;  axis  of 
the  phinets'  orbits,  invariable,  aX; 
axis  as  dependingon  planet's  velocity, 
438-430. 

Separstiag  i>ower  ot  a  telescope,  Dawes, 


method  of.  In  stellar  photom- 

Sextant.  tlii>,  described,  76;  the,  used  to 
determine  latitude,  103;  the,  used  In 
finding  a  ship's  pfatce  at  sen,  10.1.  116. 
1^,  I2li;  the,  used  in  determining 
time,  115,116. 

Shadow  of  tlie  eartli.  Its  dimensions,  367; 
ot  the  raoon,  :i7!>,  380;  of  the  moon,  its 
velocity  over  the  earth,  384. 

Ship's  place  at  sea,  determination  ot,  103, 
120  B,  121  A,  134-13B. 

Shootilig  atUB,  770,  787;  ashes  of.  770; 
brightness  of,  773;  comparative  nnm- 
bersinmoraingand  evening,  7T2;  daily 
number  of ,  77! ;  elevation  of,  774 ;  man 
of,  776;  materials  of,  776;  pathof,774; 
showers  of,  7S0-786;  spectra  of,  778 ; 
velocity  ot,  774. 

Bhort-psiiDd  comets,  703;  cometa,  table 
ol.  Appendix.  Table  III. 

Shovars,  meteoric,  780-786. 

Sidereal  day  defined,  26, 110;  month,  229; 
time,  26, 110;  year,  its  length,  216. 

Sideroatat,  Add.  A,  page  580  c. 

Signals  UKed  in  determining  difference  ol 
longitude,  119. 
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MgllB  of  the  Eodlac,  ITT. 

Ungl«-*ltitiide  method  of  detennluing 
local  time,  lltl. 

firiiu  and  its  companion,  HTS;  its  light 
compared  irith  the  son's.  334,  832,  H3G; 
its  mass,  STT. 

8k7,  apparent  dIataDC«  of,  6. 

SUtlN*  spectroBcope,  the,  860-802. 

BoUr  constant,  the,  33B-340;  edipaea,  319, 
333,327,339,387-390,383,398;  eclipses, 
their  rarity,  398;  engioe  ot  Erlcssou 
ftnd  Honchot.  34B ;  eye-ideces,  286, 287 ; 
pftnllax,  see  PanlUx  of  th*  Bim; 
BfBtem,  age  of,  922;  time,  apparent 
uid  mean,  defined.  111.  112. 

Bolrtie»  defined,  176. 

SosioENBfl,  devlMa  the  JolIaD  calendar, 
219. 

Spectra  of  o 
775;  of  nel 
663. 

OpectroMope,  principles  of  Its  coQBtmo- 
tton,  311-313;  how  It  shows  the  solar 
prominencea,  324 ;  slitless,  8ri0-862. 

Spoctroscopia  measnremont  of  motions  In 
the  line  of  Ylaion,  321,  802,  879,  ST9*. 

SpMtmin  of  the  chromosiiJiere  and  prom- 
inences, 323;  of  the  corona,  329 ;  eolar 
(photosphere),  312;  solar,  compared 
with  Iron,  316;  of  son  spots,  321; 
analysis,  fandamental  principles,  314; 
photometry,  S3I. 

^hare,  the  celestial,  conceptions  of  It,  4 ; 
the  oblique,  33;  the  parallel,  32;  the 
right,  31. 

SpherM,  attraction  of,  162. 

Spheroid,  terrestrial,  its  dimensions,  140, 
Appendix,  page  627. 

Sidiaioal  aberration  of  a  lens.  39 ;  as- 
tronomy, defined,  3;  shell.  Its  attrac- 
tion, 169. 

Spider  lines  in  a  reticle,  46. 

Spring  tide  defined,etc.,  463. 

Spnrioiu  disc  of  stars  In  the  telescope,  43. 

Stability  of  the  planetary  lyelem,  S30- 
KB. 

Standard  and  local  time,  122. 

Star*,  binary,  see  Sinary  Stars ;  causes 
of  the  differeoce  Id  their  brightness, 
83(i;  colors  of,  8;«;  dark,  830;  desig- 
nations and  names,  71H;  their  real 
diameters,  637;  distribution  ot,  699; 
double,  see  Donble  Stars;  gradual 
changes  in  their  light,  839;  beat  from 
ttaem,  834;  light  compared  with  sun- 
light. 334,  832,  S3B;  magnitudes  of, 
Slft-822;  missing,  840;  natare,  as  be- 
ing sons,  TB9;  nnoibeT  ot,  790;  par- 


ol to  page*.} 


aUax  and  distance,  808-814;  photog- 
raphy of,  798;  photometric  observa- 
tions ot,  823-831 ;  proper  motions  ot, 
ROO-803 ;  proximity  of,  its  indications, 
813;  seen  by  day  with  telescope,  3S; 
sliootlng,  see  Shooting  Stars ;  tempo- 
rary, 842-MB;  trlpln  iiud  multiple, 
883;  twinkliugoi,  or  scintillation,  864; 
variable,  see  Variable  Stare. 

Star-atlasea,  T!)3. 

Star-catalogues,  795. 

Star-charts,  798. 

Star-olnsters,  SB3,  684. 

Star-ganges,  899. 

Star-motions,  T99-803. 

Star-placea,  how  affected  by  aberration, 
etc,  226;  their  determination,  796; 
mean  and  apparent,  797. 

Statical  theory  of  the  tides,  469. 

Station  errors,  168. 

Stellar  spectre,  806,  8.W;  claesiAcadon 
of,  867,858;  photography  of,  859-863; 
system,  the  hypothetical,  901-904. 

Stonb,  E.  J.,  attempted  observation  of 
stellar  heat,  834. 

Stripe,  central,  In  comela'  t^U,  730. 

Stmctnre  ot  the  heavens,  900-904. 

STnuvx,  TOH, F.G,  W.,  on  dlstrlbntion  of 

Stbuvk,  voh,  Lunwia,  investigation  of 

sun's  motion  In  space,  806. 
Stbitvb,  voh.  Otto,  Saturn's  rings,  637, 

SniNBB,  Gift.,  his  method  of  determin- 
ing a  ship's  place  at  sea,  12S,  126. 

Son,  the,  273-3M;  age  and  duration  of, 
369,022;  apparent  annnal  motion  of, 
172, 173;  attraction  on  the  eaith,  Its 
Intensity,  436;  candle  power  of  sun- 
light, 332,  333;  chemical  elements  in 
it,  310-317;  diameter,  sortace,  and 
volume,  276,  277 ;  distance  and  par- 
alUi,  2T4,  270,  060-693;  gravity  at  its 
sortace,  280;  heat  emission,  338-307; 
light,  332-'<36;  mass  and  density, 
278,279;  Its  motion  in  space, 804-806; 
phyHlcalconstitutlou,  360-364;  itstem- 
perature,  3*9-301 ;  the  central,  807. 

Son  spot*,  their  development  and  chang 
B8,  397,  298;  distribution  on  Bnn'g  sur- 
face, 301;  general  description,  393, 
294;  InSuence  on  terrestrial  condi- 
tions, 309, 310 ;  periodicltyof,30T-309; 
tbeii  spectrum,  321 ;  theories  as  to 
their  cause  and  nature,  .303-308. 

Sun's  way,  apei  of,  804-806 

SmirtM  and  soiiBet  aCecl«d  by  refiao- 
tlon.  S2. 
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Superior  planet,  motloiu  of,  W. 
Snrf  MO  errors  in  lensaa  and  rolnois,  49 ; 

at  the  moon,  !e3-3Ta 
ftvartna,  meteoric,  783. 
BwEDENBOBo,  a  proposoi  ol  tbe  nebnUr 

hypotheaiB,  {108. 
■Titam,  planetary,  facU   «agg«flting   a 

theory  ot  its  origin,  907;   nnmerlcol 

data.  Appendix,  Table  L;  stellar,  901- 

904. 


Sjljg7,  deflued,  23a 


TaUM,  ^jipenijiz.  Greek  alphabet,  page 
601;  mlBcellaneanBeymbolB,  page  601; 
dimensions  ot  tbe  earth,  page  601; 
time  oonstante,  page  603;  Table  L, 
olementa  of  xjar  system,  page  603 ; 
Table  O.,  satellites  of  the  system, 
pages  601,  iiOS;  Table  III.,  short-peHod 
comets,  page  COG;  Table  IV.,  par- 
allaxes of  stats,  page  607;  Table  V., 
oibita  ot  binary  stars,  pageOOS;  Table 
TI., the  variable  BUn,page60'J;  Table 
Vn.,  radial  motions  ol  stars,  page  610. 

TablN,  in  body  of  the  hook.  The  constel- 
lations, 792;  approximate  distances 
and  periods  of  the  planets,  489;  dls- 


indfng 


vttlaes  of  the  parallax,  668 ;  distribu- 
tion of  stars  with  reference  to  the 
galaxy,  899;  iron  meteors  seen  to  tall, 
TOS;  naked-eye  staranorih  of  celestial 
eqnalor,S18;  orbits  and  masses  of  cer- 
tain binary  stars,  877;  parallaxes  of 
flTsb.magnltnde stars, Elkiii,S15;  prop- 
er motions  of  certain  stars,  800 ;  slgna 
ot  the  zodiac,  177 ;  telescopic  aperture 
required  to  shov  stars  of  given  mag- 
nitnde,  822;  temporary  stars,  842;  to- 
tal light  from  stars  of  different  mag- 
nitude, 833 ;  velocity  of  free  wave  at 
varlooB  depths,  473. 

T^ll  or  trains  of  comets,  713,  717,  728- 
736. 

Tai,cott,  Caft.,  bis  lenlth  telescope,  lOB. 

Tan^witUl  component  ot  tbe  disturbing 
force,  447, 

Telegrapli  used  In  determination  ot  Ion- 
gitnde,  121  B. 

Ifleaoapa.  the,  achromatic,  41;  distinct- 
ness otlniage,39;  equatorial,  73;  eye- 
pieces, 44;  tbe  genenl  theory,  3fi;  in- 
Tsntlon  of,  SB ;  light-gathering  pow«r> 


eonlmif,  an  to  orilelu,  and  sot  to  pmga.^ 
38;  long,  ot  Hnygheos,  40;  magnify- 
ing power,  37;  object-glass,  varioiu 
forms,  41, 42;  reflecting,  various  forms, 
4T,  48;  refracting,  simple,  36;  relation 
ot  Its  aperture  to  the  "magnitude" 
ot  the  smallest  star  visible  with  it, 
822 ;  separating  or  dividing  power,  43. 

TelMpMtTOMMipa,  313. 

TnnperatiiT*,  canae  ot  the  annual  change, 
192,193;  ottiiemoon,261i  ot  the  sun, 
349-391. 

Temporu7  stars,  842-816, 080  «. 

"  TermlnatOT,"  the,  on  the  moon's  sor 
face,  its  form,  253. 

Tethys,  tba  third  satellite  of  Saturn,  643, 

Thousbn  of  Copenhagen,  the  mechanics] 

equivalent  of  light,  776. 
TsoHSON,  Sib  W.,  on  the  temperature  of 

meteors,  T6S ;  rigidity  ot  the  earth,  171, 

482. 
ThTM  bodies,  the  problem  ot,  4.17,  438. 
Tidal  evolution,  484,  916;  tricllon,  effect 

on   the   earth's    rotation,    461,   483; 

wave,  its  origin  and  course,  476. 
ndes,  the,  definition  of  terms  relating  to 

them,  463;  priming  and  lagglugot,  470; 

statical  theory  of,  469;  wave  theory 

of,  472. 
Tlda-raialiiK  force,  the,  461-467. 
Time,  defined  as  an  hour-angle,  109;  Ha 

determination  by  thesextant,  llfi,  116; 

its  determination  by  the  transit  lit. 

Btrument,  113;  equation  of,  explained 

and  discussed,  9)1-2M;  sidereal,  de- 

floed,  26,  110;  solar,  apparent,  111; 

Bolar,  mean,  112;  standard  and  local, 

132. 
TiHSBHAND  on  peculiarities  ot  satellite 

orbits,  548. 
litan,  the  dxth  and  great  satellite  <A 

Saturn,  fua 
litauia,  the  third  satellite  of  Uranns,  650. 
Todd,  Prov.  D.  P.,  search  for  trana-Nep- 

tunian  planet,  662. 
Torsion  balance,  determination  of   tbe 

earth's  density,  165. 
Trade  winds,   proving  rotation   of  the 

earth,  143. 
Traini  of  meteors,  766,  TT3. 
Trauilts  of  moon  across  meridian,  the 

interval  between  them,  23D ;  ot  Her- 

cory,  061,  062 ;  of  Venus,  law  of  remr- 

rence,  S75-J577:  of  Venus,  nsed  tord» 

termination  of  solar  parallax.  6TS-686, 
banait  circle,  see  Kuidian  Circle,  63; 

instrument.  59-61:    instrument  need 

in  determining  time,  113. 
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Tmu-KsptonUn   pUnet,   hypothetlcsil, 


space  as  affected  by 
meieora,  779, 

Tilpl*  and  multiple  lUrs,  882. 

Tl^iM,  defined,  176. 

Troplokl  year.  Its  deflnitlon  »nd  iW 
length,  216. 

Twilight,  theory  knd  dnration  of,  96,  S7, 
130. 

Twinkling,  or  BclntlllMion,  ot  the  etan, 
861. 

Two  bodIe«,  problem  ot,  424-433. 

TicHo  B&AHB  discovers  the  Iniuir  varia- 
tion,457;  obBarTUlonaot  comet  ollltTT, 
TOO;  temporary  star  In  Casdopeta,  843; 
hia  planetary  eysteiD,  S04. 


Vmbriel,  the  wcond  satellite  of  Uranus, 


Unit  of  stellar  dlatances,  the  light-year, 

814. 
QranoUth.    See  X«teorlt«. 
Uranouetrla   Vova:    Argelander,   817; 

Oionienlls,  826. 
trranu  and  Neptune,  their  anomalooH 

rotation  In  relation  to  the  nebalar 

hypothesii,  914 ;  the  planet,  640-602. 
Vtlll^  of  astronomy,  3. 

V. 

Van  dsk  Kolk'b  theorem,  434. 
^■nlihlng  point  of  a  system- ot  parallel 

llnei,  T. 
Variable  nebnlte,  889. 
Variahle  rtan,  838-854 :  classmcaUon  of, 

838;    explanatioD  ot  theli  variation, 

84&-S6I ;  methods  of  obeervatlort,  HM  ; 

their  nnmber  and  deeignation,  852; 

tbslr  range  of  variatloD,  8fi3. 
VariatiDB,  the  Innar,  4S7. 
Tega,  or  ■  Lyrs,  Its  light  comparad  with 

the  son's,  334,  832,  83D;  Its  spectrum. 


TCkwlty  ofalicurrentsathigh  elevations, 
773.  note;  areal,  linear  aod  angular, 
lawof,40T-409;  o(  earth  in  hor  orbit, 
22S,  note,  718;  of  light,  225,  note, 
690-692;  of  the  moon's  shadow,  3R4; 
parabolic,  or  velocity  from  infinity, 
429;  of  planet  at  any  point  in  Its  orbit, 
mi;  at  stellar  motions,  801. 

Vanni,  the  planet,  663-077;  her  atmos- 
phere and  its  effect  apon  observations 
ot  a  tranait,  681 ;  transits  of,  need  to 
determine  solar  pftrallax,  678-686. 


contrary,  are  to  orticlu,  and  not  topaga.] 
VmrtlMd,  angle  of  the,  1S6;  circles  de- 


WMta  ot  solar  energy,  347. 

Watw,  absence  ot,  on  the  moon,  258; 

presence  of.  In  atmosphere  ot  planets, 

060,  073,  088. 
Watson,  J.  C.,  discoYera  and  endows 

twen^-two  asteroids,  093,  601. 
Wave-length  ot  a  ray  of  light  affected  by 

motion  In   the  line  ot  vision — Dop- 

plei's  principle,  32i,  note. 
Wave-theory  ot  the  tides,  472. 
Weatliai,  moon's  Influence  on  It,  282. 
Wedge  photometer,  the,  ^6. 
Weight,  loss  of,  between  equator  and 

pole,  152-105;    and  mass,  dietinctltm 

between  them,  100,  leO. 
WiLsiNo,  determination  of  the  earth's 

density,  16T. 
WtNNBCKB's  comet,  acceleration  of,  711. 
Wolf,  perlodidly  ot  the  sun  spot*,  307. 
Worms,  formula  tor  the  eastward  devia- 
tion of  a  falling  bod;,  138. 


Tear,  bissextile,  or  leap,  219;  beginning 
of,  222 ;  of  contusion,  219 ;  eclipse,  391 ; 
Bidei«al,  tropical,  and  anomalistic,  216, 

also  Appendix,  page  602 ;  ot  light,  unit 
otstellardlstance,SI4;  BetitioDB,  233. 

z. 

Zenith,  the  astronomical  and  geocemUic, 
8, 

Zenith  distance  defined.  31;  telescope, 
tor  detennl nation  ot  latitude,  106. 

Zbnkkr,  theory  of  a  comet's  constitu- 
tion, 733. 

Zero  points  of  a  meridian  circle,  66,  67. 

Zodiao,  the,  and  its  signs,  177;  signs  of, 
as  afferted  by  precession,  20S. 

Zodiacal  lizht,  tbe,  607,  608. 

2^i.i,NEa,  albedo  ot  tbe  planets,  058, 
672,  6S.\  614, 6.16,  648,  660,  also  Appen- 
dix, page  521) ;  bis  photometer,  827 ;  on 
the  repulsive  force  acting  upon  comets, 
732. 
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A.LBBBCBT,  dlagnun  of  the  vaiiaUoD  of 

latitnde,  108. 
Algol,  diameter  of,  837;  U^tcurre.StSi 

gysUm  of,  851. 
Hmnouitur,  Dr.  Cluuidlsr'B  eqnal-altt- 

tude  instntment,  lOB. 
Araqnipa,  obaerratioDS  at,  T!)8*,  3M*. 
Asteroidi,  diameters  of,  S96;  mus  of, 

R91^;   observed  for  solar  pnnllax, 

fi76». 
AtmosptMTe,  deastty  dependiDg  on  maas 

of  heavenly  body,  272». 
AilaiTitlMl  tDotion  ot  crlaiB  at  the  horizoo, 

1001. 

Bailkt,  S.  I.,  discovery  of  Tariablo  star- 
cluHters,  ^V. 

BaI:Iieb,  Uir  of  wave-lengtha  in  the 
Bpoctnun  of  bydrogon,  861,  869». 

Babharc,  E,  E.,  dlacoveriea  ot  comets, 
698,  740»,  732*;  discovery  of  the  fifth 
aatelllte  ot  Jupiter,  621 ;  meaaurea  of 
the  diameter  ot  asteroids,  696 ;  obaer- 
vatlon  ot  the  eclipse  of  lapetua,  641*. 

Bli.OFOUST,BpectroBcoi^  observations. 


_      _       343. 

Bora,  G.  V.,  determination  of  the  "  New- 
tonian Constant "  or  Constant  ot  Grav- 
itation, 161;  on  the  denai^  of  the 
earth,  166. 

Bbookb.  W.  K.,  comet  discoveriea,  697-8. 

BraoBphob)graphiotel«a<iop«,the,T98*, 
861. 

OtdcnlAtton  ot  a  lonar  eclipae,  lOOB. 
Campbbll,  W.  W.,  observations  on  the 

spectrum  of  Hars,  B89. 
Cuidla,  decimal,  333. 
Oaatm  of  Mlipaas,  Th.  Oppolzer,  390. 
Cape  of  Qood  Hope,  observatioas  for 

solar   parallax,   f>T6";    great   photo- 

gmpbic  telescope,  798*. 


Chandler,  S.  C,  researches  on  comet 
1889  V,  740» ;  on  variation  of  latitude, 
108 ;  on  the  system  of  Algol,  861. 

Cbablois,  photographic  discovery  ot 
asteroids,  591. 

OialMtat,  Add.  A.,  p.  SaOd. 

Comst,  Holmes's,  714,  723.  726;  LexelU 
Brooks,  740" ;  Pons-Brooks,  697 ;  Tem- 
pel'a,  739,  786-7;  Tnttle's,  786. 

OonwU,  families  of,  T39;  "  borne  of  the," 
741*;  photograi*y  of,  7a2». 

CoHHON.A.A.,  his  five-foot  reflector,  48; 
bis  photographs  of  nebuln,  886. 

Gonlei,  proof  that  the  orbita  of  bodiea 
moving  under  gravitation  are,  1006. 

Oonatant  of  Gravitation,  IGl,  166. 

Coronimn,  unideatlQed  element  in  tbo 
solar  corona,  329. 


Beoimal  cMidli,  333. 

Denhiho,    £.   J.,    stationary   meteoric 

radiants,  7S7". 
DBSI.ANDBB8,  H.,  photography  ot  aolar 

prominences,  326*. 
DuNdB.  N.  C,  spectroscopic  observatioDH 

on  the  rotation  of  the  sun,  2S3. 

Bolipse,  lunar,  projectioii  and  calculation 

of,  lOWrJi. 
Bollpse  of  1898,  page  267,  note. 
Eolipaea,  canon  ot,  Th.  Oppolzer,  390. 
Elkin,  W.  L.,  asteroid  observations  for 

solar  parallax,  676*. 
Xpicycltddal  relative  orbits  of  i^anets, 

lOOil. 
EqnAtorUl  aeoalentioB  of  suu,  310*. 
Sroa,  note,  page  377. 
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(Uulea  otherwise  ipcetflad  & 

Fluk  •pMtmm  at  bd  ecllpM,  31»,  note; 

Frost,  E.  B.,  thermal  ladJaUon  of  tmi 
spots,  301>. 

Qaaai  oncladed  in  meteoritM,  767. 
Saminatlou  of  the  cuisla  of  Mars,  688. 
enntatian,  constant  of,  161, 160. 
Gbat,  Wilsoh  and,  ineasare  □(  aolai 
tempentnre,  301. 

H  and  K  linM,  In  spectTum  of  the 
chromoaphere  and  piomlneacee,  323, 
326*;  of  the  corona,  329;  of  aiiU4pats, 
^l ;  In  stellar  spectra,  SST,  note. 

Halb,  G.  E.,  solar  pbolograpfay,  326*; 
epectroheliograph  work.  Add.  A. 

UAJiiLilEii8,W.,Bol&r  parallax  and  related 
constants,  IDS,  6U3,  no(s. 

Karrard  photogiaphy,  of  the  moon, 
272;  of  stars,  T9H*;  of  stellar  spectra. 


KAVSHt,  E.,  and  SrnaB,  C,  series  of 

Dues  in  speotia,  S6fi*. 
KEBLBK,J.E.,epectFascopicobBervatioiiH 

of  the  rotation  of  the  rings  of  Batum, 

641»;  of  the  radial  velocity  of  nebuiffi, 

891. 
K«pUr'i  Froblam.  demon stration  and 

ntuuerlcal  solution,  1002-3;  graphical 

solution,  1002*. 
KiJHTNKK,  F.,  discovery  of  the  Tariatlon 

of  latltnda,  108. 

La  PiiACs,  P.  8.,  proposer  of  the  capture 
theory  of  comets,  740*. 

jAtttnde,  variation  ot,  108. 

LocKTBB,  Sib  Nokhjjt,  tpectroscopic 
obHerratlons  of  variable  stars,  ilfil, 
879». 

LowBLL,  P.,  measnre  of  polar  compres- 
sion of  Man,  S86;  observations  and 
specula tioDB  respecting  Mars,  S88- 
68iP" ;  observations  on  surface  and 
rotation  of  Mercury,  609 ;  on  surface 
and  roUtioD  of  Venus,  KH,  fiTO. 

Idok  Obwrratorj,  telescope,  72 ;  photo- 
lirapbs  of  the  moon,  272 ;  measures  of 
asteralds,  BSS;  discovery  of  the  fifth 
satellite  ot  Jupiter,  Sil. 


i  ret>r«no«  are  to  Artietti.) 
Lmar  Bolipae,  projection  and  calcala- 


t  pbotogrifdilo  tslasr 


UicHBLioN,  A.  A.,  mioromatrtomeasnres 

bj  means  of  diftraotlon  trlugas,  837. 
HiNCHiH,  Q.  M. ,  nse  ot  aelaoiam  In  stellar 

photometry,  831. 
HoBLBK,  HuxrRBBirs   and,  affsot  «f 

preasure  on  spectrum  lioes,  803*. 
Hou  LTO  H  ,F .  B.  iplaneteslmal  theory  ,S3S*. 
HoLLBB,  Q.,   and   Kbuff,   P.,  ^loto- 

metric  catalogue,  BZ7. 

IfEwcoMB,  B.,  Tnlnea  of  Mlat  paiallaz, 


Qkim,  m  Mar«,  688. 

Orbit,  ot  bodymovjognndergrn'ritatlon, 

proof  that  it  is  a  conic,  1006;  relative 

ot  planet,  1009. 
Oppolzbb,  E.,  theory  ot  snn^pots,  SOB. 
Oppolzbb,  Th.,  canon  ot  eclipses,  390. 
OrloB,  nebula  ot,  photographs,  S86 ;  speo- 

trum  ot,  890-1. 
Ozy^an  in  tbe  Bnn,  317,  note. 

ParaboliBTaloeity,  defined,  429;  at  sur- 
face ot  bodies,  272*,  436;  proof  of 
fonnnla,  1008-0. 

Taruneter,  of  an  orbit,  123, 1006. 

Parallax,  solar,  from  observations  of 
asteroids,  676*;  Newcomb's  table  «f 
results,  6B3,nore,'  stellar,  pbotogn^Uo 


812. 

Peibcb,  B.,  the  "  home  ot  the  eometa," 
741". 

ntOtogTapUB  MMOOpM,  Bntoe,  79e>, 
sal ;  Meudon,  7S6*. 

FhotogTapby,  applied  to  delerminati<Mt 
of  stellar  parallax,  812 ;  to  discovery 
of  asteroids,  694;  of  comets,  762*;  to 
time-observations,  114. 

Fhoto^rapba,  and  photographic  maps,  of 
the  moon,  272;  of  solar  promineoces, 
sue* ;  of  the  fiash  spectrum,  S19,  note. 

Fhotomaby,  stellar,  Potsdam  photo- 
metric catalogue,  82T ;  nse  ot  sele- 
nium in,  831. 
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Photo-vianal  objMtiTe,  42*. 
PicKSBiNo,  E.  C.,  dlseovecy  ot  ■pcetto- 

Bcopla  blnarlM,  ST9,  ST9*;   leriea  la 

spectra,  86(^. 
FlurtMlnua  thaorj,  920*. 
Fola  of  the  urth,  its  motion,  108. 
PooK,  C.  L.,  Invemgationi  on  the  ao- 

caUed  "  LeieU-Brooka  cotoet,"  740*. 
PotadAia,    Aatro-physlcal    observatory, 

photometric  work,  S2T;  spectrograph, 

fl02»;  ipectroscopic  work,  802»,  801, 

8S8,  87B». 
PTMinre,  effect  on  wave-Jen^,  802". 
ftojMtton  of  a  lunar  eclipse,  1004. 
PromlnnLOM,    solar,    photognipha    of, 

326>i  vblto,  3S3,  TuXa. 

QuLTti  fOamanU,  46, 166. 


B«dial  valooltr  ot  bI 

detennlnaUoQ,  802,  802*,  T»ble  VII, 

page  610;  of  nebnln,  8S1, 
Badia&ta,  meteoric,  list  of  principal,  783 ; 

aUtlonary,  T8T*. 
Bafrmotioii,  Tablt  of,  page  611. 
BlllBf  or  Betting  of  a  heaTenly  body, 

utmnttial  motion  at,  141, 1001 ;  com- 

pnUtion  of  the  motneot,  ISO,  131. 
BoBKRTt,  I.,  photograph*  ot  neboke  and 

elnatert,  884,  886. 
BuKa>,  C.,  line-aeriea  In  apectmin  of 

heUnm,  866* ;  oxygen  in  the  Bon,  317, 

BimiBKromii,  L.  H.,  photographs  ot  tho 
moon,  273;  observation  of  stellar 
spectra,  8B6. 

Sakpioh,  B.  a.,  on  sdii'b  eqnatorial  ao- 

celeiaUon,  SIO*. 
ktalUto,  fifth,  of  Japltei,  ^1. 
ScHJBBMBLB,  J.  H.,  theory  of  Etm-apots 

and  corona,  306. 
ScBUPAsiLLi,  O.  v.,  canals  of  Han, 

ESS;   rotation  of   Mercury,  SB9;   of 

Venus,  670. 
Sbb,  T,  J.  J.,  STQlntion  of  hinarles,  877; 

orbit  o(  70  Ophiuchl,  882. 
Baleniiuii  used  in  stellar  photometry,  831. 
Berle*  ol  lines  in  spectra,  86S>. 
SajLCKLrrON.W.,  photograph  of  the  flash 

spectrum,  319,  note. 
Sldtr«al  time,  reduction  to  solar,  and 


thecc 


B,  1000. 


8inM,  muTO  of,  nsed  in  graphical  eola- 
tion ot  Kepler's  problem,  1003". 
•pMtrohellognph,  3a6^,  Add.  A„  SaOa. 


rotation,  ZS3 ;  proof  nt  oonititDtion  ot 

rings  ot  Batam,  641*;  of  flash  qpeo- 

tmm,  319,  note;  page  267,  note. 
Bpokibk,  F.  W.  O.,  law  ot  sni^pot  laU- 

tadea,  307*. 
Star,  time  of  rising  or  aettlng,  131. 
Stattonary  meteoric  radiants,  787*. 
Stonxt,  J.,  carbon  in  aolar  i^oto«ph«re, 

292,  note ;  limits  ot  lonar  and  plaoet- 

ar;  atmospheres,  272*. 
Btruys,  H.,  mast  ot  Batnm's  rlogs,  611* ; 

polar  compression  ot  Hars,  686- 
Su-apots,  radiation  ot,  301*. 
SwTTT,  L.,  dlscoTety  ot  comets,  608, 74(P. 

T^ccHOl,  P.,  white  promlnenoea,  323, 

ThwartwisB  -valool^  ot  stara,  801,  TaUe 

IV,  Appendix. 
Tidal  eTdlntlott  ot  binary  systems,  877. 
Tide  caused  by  the  variation  of  latltnde, 

lOS. 
Tlaia,  sidereal  and  solar,  redaction  ot 

each  to  the  other,  1000. 
Ti8SBKAKi>,  F.  F. ,  on  stationary  rardlanU, 

787*;  on  ej^tem  ot  Algol,  8B1. 
Two-bodies,  problem  of,  proof  that  the 

orbit  must  be  a  conic,  1006;  demon- 

Btratton  for  the  vsloci^  of  a  body  at 

any  point  in  lla  orbit,  lOOT. 

Vailabla-star  clnsters,  8e4«,  Add.  C,  680^ 

Talool^,moleoo1ar,of  gases, !rr2*;  para- 
bolic or  critical  at  surface  of  bodies, 
272*,  436,  lOW;  orbital,  of  a  body 
moving  in  a  conic,  1008. 

Venus,  axial  rotation,  C70 ;  surface  mark- 
ings, BBS. 

VoasL,  E.  C,  system  ot  Algol,  861 ;  of 
Spica,  classiflcaHon  of  spectra,  8B0. 

Wave-Iangtli,  effect  of  preMore  npoo, 


361. 
WiLsiNo,  J. ,  on  sun's  eqnatotlal  acoeler- 

ation,  301*. 
Wolf,   M.,    pbotograjiUc  dlseoverr  ol 

sstoroids,  BM. 
Wolt-Xayet  stars,  8BT. 

Terkes  talsMX^,  49,  SB. 
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TEXTBOOKS  ON  ASTRONOMY 


Lh  a  Uianography.  464  + 

iv.   Fmmlhe"EI=mmliDf  Awranomy,"   ncnUc  covcn 
c-page  lOr  m»p«,  30  cents. 

IF  ASTRONOMY.   6: 1  pages,  illuatialed,  fi.15. 

ASTRONOMY. 


A  SERIES  of  textbooks  on  astronomy  for  higher  schools,  acad- 
■^^  emies,  and  collies,  prepared  by  one  of  the  most  distinguished 
astronomers  of  the  world,  a  popular  lecturer  and  a  successful  teacher. 

The  "  Lessons  in  Astronomy "  was  prepared  for  schools  that 
desire  a  brief  course  free  from  mathematics.  The  book  is  fully 
down  to  date,  and  several  beautiful  plates  of  astronomical  objects 
and  instruments  have  been  inserted  in  the  revised  edition. 

The  "  Elementa  of  Astronomy  "  is  a  textbook  for  advanced  high 
schools,  seminaries,  and  brief  courses  in  colleges  generally.  Special 
attention  has  been  paid  to  making  all  statements  accurate. 

The  "  Manual  of  Astronomy  "  is  a  new  work  prepared  in  response 
to  a  pressing  demand  for  a  classroom  textbook  intermediate  between 
the  author's  "  General  Astronomy"  and  his  "  Elements  of  Astronomy." 
It  is  largely  made  up  of  material  drawn  from  the  earlier  books,  but  re- 
arranged, rewritten  when  necessary,  and  added  to  in  order  to  suit  it 
to  its  purpose  and  to  bring  it  thoroughly  down  to  date. 

The  eminence  of  Professor  Young  as  an  original  investigator  in 
astronomy,  a  lecturer  and  writer  on  the  subject,  and  an  instructor 
in  college  classes,  led  the  publishers  to  present  the  "  General 
Astronomy  "  with  the  highest  confidence ;  and  this  confidence  has 
been  fully  justified  by  the  event.  !t  is  conceded  to  be  the  beat 
astronomical  textbook  of  its  grade. 


GINN  AND   COMPANY  Publishers 
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LABORATORY  AND  EXERCISE  MAN- 
UALS IN  ASTRONOMY 


WILLSON'S  LABORATORY  ASTRONOMY 

By  RoBBVT  W.  V/iLisott,  Pnfeuor  of  Aicronomy,  Harvard  UnlveniQr 
Svo,  cloth,  189  page*,  illuicrxed,  ti.2; 
This  book  outlines  a  course  in  astronomy  in  which  the  fundamental 
principles  are  developed  by  laboratory  and  hpme  observations  of  celes- 
tial phenomena.  All  the  more  important  celestial  motions  are  studied. 
The  arrangement  is  logical  and  interesting.  The  book  can  be  used 
in  connection  with  any  good  textbook  in  elementary  astronomy  and  is 
suitable  for  college  students  or  pupils  in  the  last  yeaars  of  high  school. 

WHITING'S   DAYTIME    AND    EVENING    EXERCISES 
IN    ASTRONOMY 

Sy  Saiiik  Fuhcis  Whitikc,  Whitin  Ob««T*iory,  Welksley  College 
i3mo,  cloth,  XV  +  104  page),  illustrated,  75  cents 
In  this  laboratory  course  in  astronomy  the  study  of  illustrative  appa- 
ratus and  of  photographs  of  celestial  bodies  largely,  though  not  wholly, 
replaces  telescopic  observation,  malting  the  class  independent  of  atmos- 
pheric conditions  and  relieving  it  of  much  of  the  burden  of  evening 
work.  The  method  of  presentation  leaves  the  student,  wherever  possi- 
ble, to  draw  his  own  conclusions  from  the  data  discussed.  The  course 
has  been  used  successfully  with  college  classes. 

BYRD'S  LABORATORY  MANUAL  IN  ASTRONOMY 

Bj  Mjlkv  E.  Bvbd,  recently  Diicctoi  of  the  Obauvacoiy,  Smith  College 
Svo,  cloth,  273  pages,  illustrated,  ti.ij 
This  mantial  offers  elementary  laboratory  work  and  is  especially  suit- 
able for  secondary  schools  or  beginning  astronomy  classes  in  college. 
One  third  of  the  book  is  devoted  to  practical  exercises  on  almanacs, 
globes,  and  time.  The  remainder  is  largely  made  up  of  observations 
with  the  unaided  eye.and  with  homemade  instruments. 
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FOR  THE  USE  OF  COLLEGES  AND  SCIENTIFIC  SCHOOLS 

GENERAL  PHYSICS 


Sio,  half  lather,  768  page*,  iUuctraRd,  (1.75 

This  volume,  intended  to  serve  as  an  introduction  to  the  study  of 

physics,  is  adapted  to  the  use  of  students  in  colleges  and  scientific 

schoob  who  command  a  working  knowledge  of  algebra,  and  are 

acquainted  with  the  fundamental  definitions  of  trigonometiy. 

The  space  accorded  to  difTerent  divisions  of  the  subject  has  been 
determined  by  an  estimate  of  thdr  philosophical  importance  rather 
than  by  consideration  of  their  popular,  and  perhaps  temporary,  in- 
terest. For  this  reason  a  larger  part  of  the  book  than  is  usual  has 
been  accorded  to  the  elements  of  mechanics,  since  these  underlie  all 
departments  of  physical  science  and  undoubtedly  furnish  the  best 
intellectual  training  in  sound  physical  reasoning. 

A  more  careful  distinction  between  the  physical  and  phyuological 
phenomena  in  the  treatment  of  sound  and  light  than  is  prevailii^ly 
the  case  is  another  feature  that  will  commend  itself  to  teachers. 


EXPERIMENTS   IN   PHYSICS 


ian»,  ctoth,  68  pges,  inunraKd,  50  cenn 
This  is  an  annotated  list  of  some  three  hundred  experiments  in 
physics  suitable  for  college  students.  From  it  smaller  lists  can  be 
made  up  that  will  be  available  for  any  class,  freshmen  or  sopho- 
mores, academic  or  engineering  students.  Only  the  experiments  not 
described  in  any  other  manual  are  given  full  descripdons  here.  In 
other  cases  reference  is  made  to  a  standard  manual  or  textbook. 
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TEXTBOOKS  IN 

ASTRONOMY,   GEOLOGY,  AND 

PHYSICAL  GEOGRAPHY 

FOR  HIGHER  SCHOOLS  AND  COLLEGES 

ASTRONOMY 

Byrd:  Laboratory  Manual  in  Astronomy $1.2$ 

Greene:   Introduction  to  Spherical  and  Practical  Astronomy  ,  1.50 

Upton:   Star  Atlas 2.00 

Whiting:  Exerdses  in  Astronomy 75 

Willson;  Laboratory  Astronomy 1,25 

Young :  Elements  of  Astronomy.   With  Uranography  ,     .     .  1,60 

Young ;  General  Astronomy 2,7J 

Young :    Lessons   in   Astronomy   (Revised    Edition).     With 

Uranography 1.25 

Young:  Manual  of  Astronomy 2.25 

GEOLOGY  AND  PHYSICAL  GEOGRAPHY 

Davis:  Elementary  Meteorology 2.50 

Davis:  Elementary  Physical  Geography 1.25 

Davis:   Physical  Geography 1.25 

Davis:   Exercises  in  Physical  Ge<^aphy.    With  Atlas  .     .     .  .75 

Davis:   Harvard  Geographical  Models.    Per  set  of  three    .     .  20.00 
Gregory,    Keller,    and    Bishop :    Physical    and    Commerdal 

Gei^aphy 3.00 

Norton:  Elements  of  Geology 1,40 

Russell:  Glaciers  of  North  America 1.75 

Russell:   Lakes  of  North  America 1.50 

Traflon :   Laboratory  and  Field  Exerdses  in  Physical  Geog' 

raphy 40 

Ward:  Practical  Exerdses  in  Elementary  Meteorology     .     .  1.12 
Wright :   Field,  Laboratory,  and  Library  Manual  of  Physical 
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